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A GENERAL FRAMEWORK OF LOW REGULARITY INTEGRATORS

FREDERIC ROUSSET AND KATHARINA SCHRATZ

ABSTRACT. We introduce a new general framework for the approximation of evolution equations at
low regularity and develop a new class of schemes for a wide range of equations under lower regularity
assumptions than classical methods require. In contrast to previous works, our new framework
allows a unified practical formulation and the construction of the new schemes does not rely on any
Fourier based expansions. This allows us for the first time to overcome the severe restriction to
periodic boundary conditions, to embed in the same framework parabolic and dispersive equations
and to handle nonlinearities that are not polynomial. In particular, as our new formalism does no
longer require periodicity of the problem, one may couple the new time discretisation technique not
only with spectral methods, but rather with various spatial discretisations. We apply our general
theory to the time discretization of various concrete PDEs, such as the nonlinear heat equation,
the nonlinear Schrédinger equation, the complex Ginzburg-Landau equation, the half wave and
Klein—-Gordon equations, set in Q C R?, d < 3 with suitable boundary conditions.

1. INTRODUCTION

We consider a general class of evolution equations under the form
0w — Lu = f(u, ) (t,x) eRxQ (1)
with Q@ € R, We add an initial condition
U/t=0 = U0 (2)
and when 09 # () some appropriate homogeneous boundary conditions. The unknown u can be
complex valued or real-valued. The precise assumptions for the general problem (1) will be given
in Section 1.2 and concrete examples that fit the assumptions are illustrated in Section 1.3.

In the last decades, a large variety of discretisation techniques was introduced for the time
resolution of evolution equations of type (1) reaching from splitting methods over exponential
integrators up to Runge-Kutta and Lawson schemes [8, 9, 10, 11, 12, 13, 16, 20, 26]. While such
classical discretisation techniques in general provide a good approximation to smooth solutions of
partial differential equations (PDEs), they often drastically break down at low regularity: rough
data and high oscillations can cause severe order reduction leading to loss of convergence and huge
computational costs.

Lack of smoothness is thereby mostly negligible for parabolic problems: thanks to the parabolic
smoothing property the solution is regularised away from time ¢ = 0 such that classical schemes
in general provide a good approximation as time evolves. This stands in stark contrast to the
dispersive setting where no pointwise smoothing can be expected. Rough (or oscillatory) data
spreads in time and in space which causes the breakdown of classical approximation techniques.
The control of nonlinear terms in dispersive PDEs at low regularity is thus an ongoing challenge in
computational mathematics at large.

Recently, a new type of discretisation (so-called resonance based discretisation) was introduced
for various dispersive equations with periodic boundary conditions (that is Q = T%) when the
linear part is defined by a differential operators £ = Z?Zl 9y, with n € N. First for the periodic
Korteweg—de Vries equation ([14]), then for periodic Schrédinger equations ([22]) and lately for

other periodic dispersive equations such as Boussinesq ([25]) and Dirac equations ([27]). The
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main idea behind the new discretisation technique is the following: Instead of discretising the
evolution equation (1) directly with classical techniques based on a Taylor series expansion of the
exact solution, one embeds the underlying structure of nonlinear frequency interactions into the
numerical discretisation. The latter is achieved by expanding the exact solution into a Fourier
series expansion u(t,x) = Y, cza @k(t)e™™ . In the discretisation of the equation written on the
Fourier side one can then (easily) tackle the nonlinear interactions of the Fourier modes and embed
their dominant parts into the numerical discretisation. In many cases this enables us to solve the
dispersive PDE under (much) lower regularity assumptions than required by classical numerical
schemes which are based on linearised frequency approximations. For an extensive overview on the
comparison of this approach to classical methods, we refer to [5].

While the novel approach allowed us to solve dispersive PDEs in a more general setting, i.e.,
under lower regularity assumptions, its main drawback lies in the fact that each and every equation
has to be carefully analyzed on its own since the nonlinear frequency interaction strongly differs
from PDE to PDE. With the aid of decorated tree series we could recently show that a general
high-order framework of resonance based discretisations does exist [5]. However, in order to obtain
a practical implementation each scheme has to be derived separately through involved Butcher-
Connes-Kreimer Hopf algebras and their corresponding co-products.

Consequently, while resonance based approaches allow us to solve dispersive PDEs under (much)
lower regularity assumptions than classical schemes require, they face three main obstacles:

(A) They are restricted to periodic boundary conditions due to their strong dependence on the
Fourier series expansion of the exact solution.
(B) They are limited to classical differential operators of type £ ="

L=-NA08,0,. ..,

in order to involve only polynomials in the frequencies in the interaction phase and to
allow the dominant parts to be straightforwardly extracted. The latter, however, excludes
important classes of equations, such as Klein—Gordon, or wave type systems which does not
involve polynomials, but rather interactions of square roots of frequencies (for example for
quadratic nonlinearities \/(j + k)2 + m2 — \/j2 + m2 — VEZ + m2, |j + k| — |j] — |k|, etc).

(C) The lack of a unified practical formulation of the schemes which is the main advantage
of Runge-Kutta methods, splitting methods, exponential integrators and other classical
discretisation techniques.

d n
=1 "Yx;

with n € N, e.g.,

1.1. Aim of the paper. In this work we present a novel framework of low regularity integrators
which allows us to overcome the above obstacles. The central idea lies in embedding the underlying
oscillatory structure of (1) into our numerical discretisation (without employing any Fourier based
techniques). This is achieved by introducing filtered oscillations (cf. (39)) which allow us to treat
the dominant oscillations, triggered by the operator —£ + L exactly, while only approximating the
lower order parts by a stabilised Taylor series expansion. This framework yields a new class of
schemes that can be used on a wide range of equations under lower regularity assumptions than
classical methods require. The new framework allows for a unified practical formulation (C) while
still embedding the central oscillations in the discretisation. The construction of the new schemes
does not rely on any Fourier based expansions. This will allow us to solve a large class of equations
at low regularity without requiring periodicity of the problem (A). In particular, as the spatial
domain is no longer restricted to periodicity, one may couple the new time discretisation technique
not only with spectral methods, but rather with various spatial discretisations (e.g., finite differ-
ences, finite element methods). The practical implementation on general domains will require,
as for classical splitting and exponential integrators methods, suitable Krylov space methods in
order to approximate the exponential e'*, respectively, the action of the ¢— functions. A fully
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discrete analysis with various spatial discretisation methods is plan of future research. In addition
of overcoming periodicity, the new general framework also allows us for the first time to deal in the
same formulation with parabolic and dispersive or hyperbolic problems (B). The latter will open
up this new low regularity time discretisation framework to a larger class of equations including
for instance heat equations, reaction-diffusion problems and wave-type systems. Furthermore, in
contrast to previous works, our framework is no longer restricted to strict polynomial nonlinearities
and we can treat for instance the Sine-Gordon equation with our new framework. We carry out an
overarching abstract convergence analysis for our new class of schemes in the general setting (1).
The abstract error bounds we establish apply to a lot of examples. We illustrate them for nonlinear
heat, Schrodinger and Ginzburg-Landau type equations as well as the half wave, Klein—-Gordon and
wave equations.

The new first- and second-order schemes together with their main convergence result are pre-
sented in Section 2. In Section 3 and 4 we carry out an expansion of the underlying oscillations up
to first- and second-order, respectively. These expansions together with their improved local error
structure motivate the new numerical schemes. We focus on first- and second-order methods. How-
ever, our framework can be extended to higher order. The error analysis at first- and second-order
is presented in Section 3.2 and 4.1, respectively. Finally, in Section 5 we illustrate our convergence
analysis on various examples.

1.2. Assumptions. The linear operator L is defined on a Hilbert space X of complex valued
functions v € C with norm denoted by | - || and domain D(L). We assume that the complex
conjugation u +— T is an isometry on X. When 052 # 0, the boundary conditions will be encoded in
the choice of the domain of the operator £. We shall also use the operator £ defined by Lu = Lu.
In the following we assume that the nonlinearity f is tensorized under the form

f(v,w) = B(F(v)-G(w)), F,G:C—C’, (3)
where we use the notation X - Y =5, X3Y;, X, Y € C7, and B is a linear operator.

Assumption 1.1. Our main assumptions on £ are the following

i) L generates a strongly continuous semigroup {etﬁ }>0 of contractions on X;
ii) A= —L + L generates a group {e"};cg of unitary operators on X;
iii) £ and £ commute: [£, L] = 0.

The above assumptions allow us to deal in an unified framework with parabolic, dispersive as well
as mixed equations, we shall give examples in Section 1.3 below. Note that the second assumption
is automatically verified if A = 0 so in particular when L is real for real functions.

The consequences of the above assumptions that we shall use are the following. Since {e** H>o
is a strongly continuous semigroup of contractions it holds that

el eex) < 1.

We can define powers of £, £ for a € R and we shall denote the domain D(L*) by X (with the
convention that X° = X), the graph norm will be denoted for o > 0 by

Julla = Jlull + [1£%].
We could also deal with general strongly continuous semigroups which then satisfies
||€t£uH < Mewt

for some w > 0 but this is not needed for the examples that we shall study.
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Assumption 1.2. To handle the “nonlinearity” f, we assume that there exists a; > ag > 0 such
that for every « € [ag, a1],

1f (w,@)lla < Callltllag)l[ulla,  I1f(w @) = (0, 0)llag < Cag(ullags [[0]lag)lv = vllag — (4)

where C,(+) denotes a continuous non-decreasing functions of its arguments.

In the above assumption, ag is the minimal regularity needed to have a standard well-posedness
result, while a; stands for the maximal regularity that we can propagate without imposing further
compatibility conditions. The threshold a; will be meaningful only when we consider domains with
boundaries, on the whole space or the torus a; can be arbitrarily large.

1.3. Examples. The main examples which will be covered by the above framework are

e Nonlinear heat equations
ou — Au = f(u,u), ie, L=A A=0,

where f is sufficiently smooth
Nonlinear Schrédinger equations

i0iu + Au = £|u|*u, m €N ie., L=iA, A=—-2iA, f(u,7) =+ 7™,

Complex Ginzburg Landau equations
dru — aAu = yu(l — |ul?), o, v € C,Re a > 0,
e, L=aA, A= -2ilm oA, f(u,u)=~vyu(l — uu)

Half wave equation

0 + |Vu= £|u?u, ie., L=ilV], f(u,7)==xu’T

Klein—Gordon and wave-type equations reformulated as first-order systems
Onu — Au+m?u = f(u)

with f smooth enough, for example, f(u) = u? or Sine-Gordon equations f(u) = sin(u).

We shall apply our general theory to the time discretization of the above partial differential equa-
tions set in Q C R%, d < 3 with suitable boundary conditions. This will be the aim of the last part
of the paper, see Section 5.

2. MAIN RESULTS

We shall deal with mild solutions of (1), (2) which satisfy the Duhamel formula

u(t) = eFug + / eOL £ (u(€),u(€)) dt. (5)
0

By using Assumptions 1.1, 1.2, we can easily get from a Banach fixed point argument the following
local existence result:

Theorem 1. Under the Assumptions 1.1, 1.2, for every ug € X, there exists T > 0 and a unique
solution u € C([0,T], X%) solution of (5). Moreover if ug € X<, a € (ag,a1], then we also have
u e C([0,T], X).

The aim of this paper is to introduce low-regularity integrators for the approximation of Duhamel’s
formula (5). We shall call these schemes Duhamel integrators.
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2.1. First-order Duhamel integrator. At first-order our new Duhamel integrator takes the form
fori >0

e —1

z

(6)

and we set u® = wug. Let us recall that we have set A = —£ + £. Thanks to Assumption (1.1),
Stone’s Theorem implies that A is under the form i M with M self-adjoint. We can therefore define
1 (TA) by using the functional calculus for self-adjoint operator, this yields a bounded operator
since 1 is bounded on iR.

It will be convenient to set

;um’l(ug) =k (ue + 7B <F(u£) S 1 (T.A)G(J)) > =¢eF <uz + T\I’fmm’l(ul)> . (7)

Let us define for a function H(vy,---v,), n > 1 and a linear operator L the commutator type term
C[H, L] by

= gumJ(UZ) — ¢ (ué + 7B (F(uz) -1 (T.A)G(J)) ) with  ¢1(2) =

CH, L)1, ,vn) = —L(H (v1,---vp)) + > DiH(vy, - ,vp) - Lu; (8)
=1

where D;H stands for the partial differential of H with respect to the variable v;. The estimate
of this type of terms will be crucial in order to estimate the local error of our schemes. From
Assumption 1.2, if a1 can be taken bigger than 1, we can get that

ICLf, £](v, w) || < C([|vllags [lwllao ) (N[0l + lJwl1)- (9)

Nervertheless, this estimate is very crude since each term in the expression of C[f, L] actually
satisfies the above estimate. By using this estimate in the analysis of our first-order scheme we
would get first-order convergence in X for data in X' without any improvement compared to
classical schemes. However, if £ is a differential operator of order m, we can get a better estimate
by using the Leibnitz formula which implies that C[f, L] actually involves at most only m — 1
derivatives of u so that a better estimate can be expected. If L is not a differential operator but
satisfies a generalized Leibnitz rule, such an improvement can also be obtained as we will see on
the examples.

We shall now state an abstract assumption about the estimate of these commutator terms which
will fix the needed regularity for the convergence of the new scheme (6). In order to get a result as
general as possible, we take some o € [0, a;] and we will measure errors in X 0.

Assumption 2.1. There exists a; € (ag, a;] such that for every v, w € X1,

ICLf, £](v, ) lag < Cag [Vl [wllar ), (10)
IB(E(v) - e*ACIG, Al(w)lag < Cag([0llars lwllay), Vs € R. (11)

The second estimate is uniform with respect to s.

In the above assumption a; stands for the minimal regularity needed to estimate the commutator
terms (and thus the local error as we shall see) in the space that we have chosen to measure the
error which is X0,

Note that if we choose to measure errors in X so that ag = 0, then if we can check on a concrete
example that a; < 1 we obtain indeed an improvement on the trivial estimate (9). Due to the
favorable local error structure of our scheme which involves these commutator type terms, this will
allow us to get first-order convergence in X for data in X instead of X!.
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To make our point more concrete let us consider the simple case £ = A on the torus T¢, and
f(u) = u?. Note that X* = H?* in this case. We have the explicit formula

d
Clf, L](v,w) = =2 Gpvdjw.
k=1

If we choose to measure the error in L2, so that g = 0, we need Opvdpw € L?. If d < 4, we can

take v, w € WH* and thus, since HT C L4, this yields vw € H*%. This means that we can take
a; = % + % which is strictly smaller than 1 for d < 3.

Before stating our main result for first-order convergence, our last technical Assumption is the
following

Assumption 2.2. Let «ag, a1 be given as above, we assume that
1 (w, @) = f(0,0)]lap < Cag(Itellag: 1V]lag) | = Vllag,  [1f (%, W)]lap < Cao(lltflar), — (12)

and that the numerical flux is such that

”\I/;um,l(u)HOq < Cal(”uHOq)7 (13)
1 fam,1 (1) = ¥hum, 1 (V)llag < Cag (ullags l[0llag )l = vl (14)
1 fum,1 (1) = W, 1 (V) lag. < Cag ([llag, [1vllag) 1w = llap - (15)

Note that we actually need both (14), (15) only when o < ag. This assumption will be used to
prove boundedness for the numerical solution in X% and convergence in X .
The global error estimate for the first-order Duhamel integrator (6) then takes the form.

Theorem 2. Let Assumptions 1.1, 1.2 hold, let us choose some ag € [0, a;] such that Assumptions
2.1, 2.2 for some a1 € (ag,a1] hold. Then, for every ug € X', oy given by Assumption 2.1, let
T >0 and u € C([0,T],X*) the unique solution of (5) given by Theorem 1, let u™ denote the
numerical solution given by (6). Then there exists Cr > 0 such that

lu(nt) — u"||ay < Cr1, 0<n7t <T.

This abstract result will be applied to the concrete examples presented in Section 5. We will
mainly have to check that Assumption 2.1 indeed holds true for some a1 < ag+1 to get a concrete
first-order convergence result that holds true for rougher data than classical schemes. One of the
interest of this general theory is that different types of PDEs (parabolic, hyperbolic, dispersive) can
be covered in the same unified framework. Nevertheless, the abstract proof will not use any fine
structure of the PDE (for example smoothing effect for parabolic equations, Strichartz estimates in
exterior domains for dispersive equations, etc). Using these specific properties when it is possible
on a concrete example would allow to reduce again the smoothness of the initial data, see, e.g.
11, 23].

In certain cases we can relate our scheme (6) to more classical schemes.

Parabolic setting. In the parabolic setting A = 0 (or in case of nonlinearities depending only on
u, i.e., f(u,u) = f(u)), the scheme (6) collapses to the classical exponential Euler method

uttl = Tt (ué + Tf(ué,ﬂe)). (16)

Filtered Lie splitting. For a nonlinearity (3) with B = 1 and polynomial F(v) = vP the low
regularity scheme (6) can also be seen as a filtered Lie splitting scheme with filter function
V(1) = p1(TA). (17)
Indeed, the approximation
UL LT F W) (PIGED) e (18)
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with filter function (17) introduces a similar error structure as the scheme (6). In the parabolic
setting A = 0 the filter function (17) thereby naturally reduces to W(7) = 1 and the filtered Lie
splitting (18) collapses to a classical Lie splitting. In the dispersive setting £ # L, on the other
hand, the filtered splitting (18) allows for an improved error structure similar to the convergence
result given in Theorem 2, see also Remark 22 for the example of the cubic Schrédinger equation.
For details on filter functions we refer to [10] and the references therein.

2.2. Second-order Duhamel integrator. At second-order our new Duhamel integrator takes
the form

SRR (F(UZ) e (rA) G(ﬁé)> +TerB (F(UZ) -2 (TA) b7 (e_TAG <€TAU€>>>
2
7o (6(7_6)58 (F (egﬁué) P2 (TA) G (ea#)))/gﬂ * %em (lee 4+ Do ff ﬁ)

- <I>num 2( Z) - <’LL + T\Ijnum 2( Z))
(19)
where f¢ = f(u’,u’) and we use the notation of the standard shift operator

dr9(7) = g(7) — 9(0).

Note that in general Dy f (ug,ﬂz) and Do f (uf ,ﬂg) can be calculated analytically. Nevertheless on
concrete examples, they could also be approximated by standard finite differences. Similarly to the
first-order scheme (6), its second-order counterpart (19) introduces an improved commutator-type
error structure.

In order to analyze our second-order scheme, we need to introduce second-order commutators.
For H(vy,---vy,) and a linear operator L, we define the iterated “commutator”

C?[H, L)(v1,--- ,v,) =C[C[H, L], L] (v, ,vn). (20)

We shall again measure the error in X*° for some given «g. The counterpart of Assumption 2.1
will be the following

Assumption 2.3. There exists ag € (ag, a;] such that for every v, w € X2,

|’C2[f L](v, w)Hao < Cao(”v”aza wllaz) (21)
1B (F(v) - e*4C%[G, AJ(w)) llag < Cap(IVllags wllay), Vs €R, (22)
IC[Ws, L](v, W) [lag < Cap(IVllag, [wllas), Vs €R, (23)

where W (v,w) = B(F(v) - e*AC[G, A](w)) . The second and third estimates are uniform with
respect to s.

Again in the case ag = 0, a rough estimate that does not use the commutator structure would
allow to estimate these commutators for v, w in X2 which would produce second-order convergence
of the scheme in X for data in X? like other classical schemes. If we can check on a concrete
example by using the commutator structure that as < 2, then we can get improved second-order
convergence of the scheme in X for data only in X*2.

The counterpart of Assumption 2.2 will be



Assumption 2.4. Let g, as be given as above, we assume that

1f(w, @) = f(v,0)[lag < Cao(Iullags 10llag) e = vllac, (24)
LR (u,0) g + 1Dif (w, ) - Ll + 1Dif (u,) - 9(0,0)[lag < Cag(lullas, [0]]as), (25)
for k=0,1,i=1,2, w€ {Lu, Lu, f(v,D), f(v,D)},

1L (Dif (u, @) - g(0,9)) [l + 1D f (w,8) - (w1,w2)[lag < Cag([[ullazs V]l [0]laz ) (26)

for i, j € {1,2}, w; € {Lw, L@, f(v,v), f(v,0)},

and for the numerical flux that

1 um 2 (W) la < Cas ([[ullay), (27)
1 um,2(4) = Yhum 2 (V) lag < Cag ([[wllag, [0llag) [t = vllay, (28)
1 um,2(4) = Whum,2(0) lag < Clag ([[wllag, 0llag) [t = llag- (29)

To check the above assumptions on concrete examples, we will be sometimes obliged to take ag
bigger than for first-order convergence, nevertheless we did not change the notation. Our second-
order convergence result then reads:

Theorem 3. Let Assumptions 1.1, 1.2 hold, let us choose some ag € [0, a;] such that Assumptions
2.8, 2.4 for some ag € (ag,a1] hold. Then, for every ug € X2, ag given by Assumption 2.3, let
T >0 and u € C([0,T],X*?) the unique solution of (5) given by Theorem 1, let u™ denote the
numerical solution given by (19). Then there exists Cr > 0 such that

u(nT) = u"|lay < Cr7®, 0<nT <T.
In the parabolic case we can again relate our new second-order scheme to classical methods.

Remark 4 (Parabolic case). Note that in the parabolic case (A = 0) the second-order scheme (19)
simplifies to an exponential Runge-Kutta method

u = oLyl 4 et f(ut Tt + %efcéTe—rcf <e'r£ué’ e'rﬁﬂé)
2 (30)
+ ?eTﬁ (le (uz,ﬂg) - f(uf, @) + Dof (ug,ﬂg) -f(uz,ﬂg)> .
Remark 5. The presented idea can be extended to higher order by carrying out higher order
stabilised Taylor series expansions of the filtered oscillations. For each additional order the order
of the iterated commutator (cf. (20)) will thereby increase in the local approximation error.

3. FIRST-ORDER SCHEME

We will build our numerical schemes on iterations of (5). In each iteration we embed the dominant
oscillatory terms - triggered by the operator £ - into our discretisation.

In this Section we give the main idea behind the expression of the first-order Duhamel integrator
(6) presented in Section 2 and estimate its local error. We start with a trivial but important lemma
on the first iteration.

Lemma 6 (First-order iteration). We have

u(t) = ui(t) + Rio(t,w) (31)
with the first-order iteration of Duhamel’s formula ui(t) given by
t _
ur(t) = eFug —I—/ =Ly <e§£u0, esﬁﬂo) d¢ (32)
0
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and the remainder

t _
Riolt,u) = /0 O (f (ul©),u(©) — f (o, g ) ) de. (33)
Proof. The assertion directly follows from (5). O

The expansion (32) motivates the following definition,

t _
Osc(t, L,v,7) = / (¢=¢ Ef( v ea@) d¢ (34)
0
so that uy(t) defined in (32) can be expressed as
uy (t) = e“ug + Osc(t, £, ug, o). (35)

In order to allow for a low regularity approximation to w;(t) it is thus central to find a suitable
discretisation of the integral (34). For this purpose we set

F(t, & v,0) = e(t_@ﬁf (egﬁv, e§Z®>

such that by the fundamental theorem of calculus we have
t t e
Osc(t, L,v,7) = / F(t, &, v,0)dE = tF(t,0,v,7) —I—/ / 05 F(t,s,v,0)dsd§
0 0 Jo
. (36)
= te' f(v,7) +/ / 05 F(t,s,v,0)dsdE.
0o Jo

Next we calculate that
O¢ F(t,€,v,7)
= =9~ [—ﬁ (f (egﬁv e )) + D1 f ( gZE) L v+ Dof (egﬁv, 6525) 'Zefzﬁ}
which yields thanks to our definition (8) that
O¢F(t,&,v,0) = elt=9L <D2f< v, et ) Ae§£v+C[f, L] < v eﬁzﬁ)). (37)

Remark 7. Let us observe that
e When A = 0 (which is the case in the real parabolic setting) or when f(v,7) = f(v), we
obtain by plugging (37) into (36) that

|Osc(t, £,v,7) — te'“ f(v,7)|| < Ct? sup ||8sF(t,s,v,7)|
s€[0,t]

< Ctzgseuopt HC 1, L] ( Lo, Ly >H

(38)

Therefore, by using Assumption 2.1, we can control the remainder if v is only in X!,

o In the dispersive setting, on the other hand, where £ = iM with M = M the standard
Taylor series expansion of the oscillations (36) introduces a classical local error structure
involving the full differential operator £ (similarly to splitting or exponential integrator
methods). Indeed, since we now have A = —2L, we still need that v € X' = D(L) to

estimate the first term in the right hand side of (37), i.e., the term AetLp,

We shall thus now develop a first-order approximation which allows low regularity approximations
also in the dispersive setting A = —2L.
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3.1. First-order approximation. To allow also in the dispersive setting for low regularity ap-
proximations we need to tackle those oscillations of (34) which produce the higher order term
n (37), namely

Dsf (eﬁﬁv, egzﬁ) - AetLw,

In order to achieve this, we manipulate the principal oscillations (34) as follows. We write

t
Osc(t, L,v,7) = / =L ¢ ( etr [ D dg,
0
recall that A = —£ + £, and define the filtered function
N(t,s,&,0,T) = e~ SEf(e v, e esAT ) (39)

Note that the principal oscillations (34) can be expressed with the aid of the filter function N as

t
Oset £,0,9) = [ N(t.6,€.0. )i
0

Now the Taylor series expansion of the filtered function N (¢, s,&,v,v) around s = 0 yields that

t t r€
%Wimm=/N@Mm@%ﬁ//@N@M%mm% (40)
0 0 0

and we observe that thanks to the filtered structure of N its derivative 9,V introduces an improved
error structure, namely

AN (t,s,€,0,7) = T9EC[f, ](e vesgef"lﬁ). (41)

The latter can be controlled using Assumption 2.1. This motivates the following expansion of the
principal oscillatory integral (36) which builds the basis of our first-order Duhamel integrator (6).

Corollary 8. It holds that

t
Osc(t, L,v,7) = ew/ f <v, 65A5> dé +Ri1(t) (42)
0

with the remainder

Ria(t / / t=Lelr, o) (e v, e efAT >dsd§ (43)

where C[f, L] is defined in (8).

Proof. The assertion just follows from (40) together with (41) noting that

N (t,0,&,0,0) = etLf (v, 65'46) .

Thanks to Corollary 8, it remains to derive a suitable discretisation of the integral

/0 f (v, e¥45) dg (44)

which can still have high oscillations, e.g., in the dispersive setting A # 0.
10



Remark 9. Again, when f is independent of T or when A = 0, no additional approximation has

to be carried out since ,
/ f <v,65'46) d¢ =tf(v,0).
0

On the other hand, when A # 0 we need to carefully embed the remaining oscillations e in (44)
into our numerical discretisation as a simple Taylor series expansion of the latter would produce
an error term again involving the full operator £ since

A = e7HEE — 1 L O(EL). (45)

With an expansion of type (45) we would in particular come back to a classical local error structure,
similar to the one of splitting or exponential integrator methods, without any improvement in
regularity.

On the other hand, in the more difficult dispersive setting A # 0, the advantage is that A gener-
ates not only a semigroup, but a group and hence we may go forward and backward in time when
approximating the remaining oscillations (44). The latter is the motivation for our Assumption
1.1. We shall also begin to use here our Assumption on the structure of the nonlinearity (3).

Lemma 10. Under Assumption 1.1 it holds that
¢
/ 7 (0 6545) de = tB(F(v) - 1 (tAG(E)) + R (1) (46)
0

with ¢1(z) = 1(e* — 1) and the remainder

Ris(t / / “IACG, A] (*47) ) dde. (47)

Proof. Thanks to the structure of the nonlinearity (3) (in particular using that B is linear) we have

/0 f(v,efAﬁ) de = /0 B(F(v)-G(ef““v»dg

Now we apply the same trick as before to filter out the dominant oscillations in G (triggered by
A). For this purpose we set

No(€, A, v) = e 4G (65“46)
(which means since G(-) is a vector that e~ is applied to each component) such that
B (F(v) G <65A6)) =B (F(v) eSANG(E, A, v)) .

In this notation we obtain (using again that B is linear) that

/Otf (v,ef«‘\ﬁ) d¢ = /OtB (F(v) . egANz(ﬁ,A,v)> de

= tzs’ F(v) - 54 | Na(0, A, v) + gﬁs/\/'g(s,A,v)ds de
/ /

=tB(F(v) ¢1(tA)G / / A OsNa(s, A, U)ds) d€.

Using that 9;Na(s, A,v) = e *AC[G, A] (eAD) yields the remainder (47). O

Collecting the results in Lemma 6, Corollary 8 and Lemma 10 we thus obtain the following
first-order low regularity approximation to the exact solution u of (1).
11



Corollary 11. The exact solution u of (1) can be expanded as

w(tn +7) = €% (u(tn) 4B (F(u(tn)) o1 (TA)G(M)) ) FRI(T, 1)

where the remainder Ry (7,t,) is given by

Ra(rit) = [ 79 (f ult + €.t + ) = £ (eCutta), () )
// (t= SEC [f, L (e v, e L et )dsd{ (48)
+ e /0 /0 B F(u(tn))-e@—S)AC[G,A] (eSAﬂ(tn))>dsd§.

Corollary 11 motivates the first-order scheme defined in (6) which locally yields a low-regularity
second-order approximation to the exact solution wu(t) of (1) at time ¢ = ty41 = 7- (£ + 1). The
precise error estimates will be given in Section 3.2 below.

Remark 12. Note that in some cases the approximation of the underlying oscillatory structure
of (1) can be even improved. We illustrate this on the example of the KdV equation. For the KdV
equation the principal oscillatory integral (34) takes thanks to the expansion (36) the form

Osc(t, £,v) = td,v? + 3/ / s029) _5638 v)

(49)
— 10,0% + 30, / Osc(€, £, D,v)de.
0

Taking the derivative with respect to time t of the above relation we observe that
Osc(t, £, 0,v) = 9, 19,0sc(t, L,v) — v°.
This implies

Osc(t, L,v) = %8;1@080(’57 L,0; ) — %(am_l’”)z
1

2 1
= ge_ta% <eta£8;1v) — 5(8;121)2.

Together with Lemma 6, we hence recover a low regularity approximation to the KdV equation
which in the periodic setting collapses exactly to the resonance based scheme proposed in [14]. For
optimal second order schemes for periodic KAV we refer to [28, 5].
3.2. Local error estimates.
Proposition 13 (Local error estimates). Let us define

E(,tn) = ullns1) = Prum,1 (utn)). (50)
Then we have

E(r,ty) = E1(T,tn) + Eo(T,ty) + E3(T, ty)

with

E1(r,tn) = /0 DO (] (ufty + €, Tt +€)) — f (Culta). e FH1)) Y (5)

t g
T,tn) = / / et=)EC(f, L] (6850,68565A6> dsd§ (52)
0 Jo

T ré
Ex(r ) = €7F /0 /0 B (Flu(ta) - 4C(G. A] (*7(1,) ) dd. (53)

12



If Assumption 1.1, 1.2, 2.1, 2.2 hold and assuming that
sup [[u(t)]la; < Cr (54)

)

(where oy given by Assumption 2.1) for some Cp > 0, then there exists My > 0 such that for every
7€ (0,1]
HE(Tv tN)”ao < MTTzv HE(T, tn)”ao < MTTI+€7 0<nr<T

for some € > 0.

Proof. Within the proof Mr will stand for a harmless number that depends only on Cr which
changes from line to line. We first estimate & (7,t,). By using Assumption 1.1 and (12), we get
that

1E1(T tn) g < MTT[ sup lu(tn +€) = e*“ultn) ao-
tn,tn+7

Next by using again the Duhamel formula (5) and Assumption with the second part of (12), we
get that
lu(tn +€) — e“ultn)llag < Mr7
thanks to (54). This yields
IEL(T,tn) g < MpT?. (55)
The estimate of E(7,t,) directly follows from Assumption 1.1 and Assumption 2.1 (cf. (10)).
We get thanks to (54) that

[E2(7, tn)llao < 7> M. (56)
In a similar way, by using Assumption 2.1, (11) we get that

Hg3(7—7 tn)”ao < T2MT.
Consequently, by combining the last estimate and (55), (56), we get that
HE(T7 tn)”ag S MTT2. (57)

It remains to estimate ||E(7,t,)|lqo- We observe that thanks to (50), the Duhamel formula (5)
and (6) we can write

E(r,ty) = /0 " elr=s)c F(ultn +9),0(tn + 5)) ds — 7e™* B (F(u(tn)) o1 (TA)G(T(ty)))

tn+1
= e(t"“_s)ﬁfus u(s)) ds — 1™ B (F(u(ty)) o1 (TA)G(U(t,))) -
) ) ¥
We then estimate the two terms in the above right hand side separately in X* by using (54) and
Assumption 1.2 for the first one (recall that a; € (ag, a1]) and (13) for the second one. This yields
(T, tn)llay < 7M. (58)

To conclude for the estimate of ||E(7,y)llq,, We observe that if ag > ag, we can just use the
continuous embedding X C X% and hence take ¢ = 1. If oy < ag, since we always assume that
@1 > ag, we can use the interpolation properties of the X¢ spaces. In particular, we obtain that

”5(77 tn)Hao < HE(Ta tn)”il|’5(77 tn)H}er
for some 6 € (0,1). Therefore, thanks to (58), (57), we obtain that
IE(T,ta)lag < Mpr®(r%)1 70 < Mpr®™°

which is the desired estimate since 2 — 6 > 1.

With the above proposition at hand we can prove our global error estimate in Theorem 2.
13



3.3. Proof of Theorem 2. Let us set e” = u(t,) —u", u" being the numerical solution computed
with (6). By using Proposition 13, we get that

en—l—l = <I>:Lum,1(u(tn)) - :Lum,l(un) + 5(7—7 tn)7 60 = 0.

By using the expression of the scheme, we get that

e = e[ 7 (W (u(tn)) — W a (@) | + E(7 1), (59)
By using (14) and Proposition 13, we get that for 0 < nr < T,

1" lao < 1l€™lao +TCaq ([[ultn) lags 1™ lao €™ oo + MrT?.
In a similar way, by using (15), and Proposition 13, we obtain that

" lao < ll€™lao + TClas ([u(tn) lags 1™ lao )€™ [lag + Mr7'Te.
We then easily get by induction that for 7 sufficiently small, we have that

sup [e"[lay <400,  sup |[[€"([a, < MrT.
0<n<N 0<n<N

This ends the proof.

4. SECOND-ORDER APPROXIMATION

To establish a second-order approximation at low regularity we need to iterate Duhamel’s for-
mula (5) up to higher order and subsequently embed the underlying (iterated) dominant oscillations
into our discretisation. Surprisingly, it turns out that the main difficulty thereby lies in providing
a higher order discretisation of the principal oscillations (34).

We commence with a Lemma on the second-order iteration of Duhamel’s formula.

Lemma 14. At second-order we have

u(t) = ua(t) + Ra,0 (t) (60)
with the second-oder iteration of Duhamel’s formula given by
2

t -
us(t) = e“ug + Ose(t, £, uo, o) + §€w (le (w0, o) - f (o, o) + D2 f (uo, Up) - f(uoﬂo)) ;
(61)
where the principal oscillations Osc(t, L, uo,To) are defined in (34) and the remainder Rao(t) takes
the form

t _
Rao(t) = /0 =L [ f (o + £F (w0, o) + Raa(0,€), e + € (o, o) + Ra(0.))
—f (egﬁuo,egzﬂoﬂ d€
t .
- 61%/0 3 (le (w0, o) - f(ug, o) + Do f (uo, o) - f(uo,Uo)) d¢ (62)
with
13
Roaltn, &) = / eCTIE L (ulty + ), T(tn + 5)) ds — Ef (u(tn), T(tn)). (63)
0

Proof. First note that by replacing ¢ with £ in (5) we have that

3
u(€) = eFug + /0 €L (u(s),u(s)) ds = eLug + € f (uo, Wo) + Ra,a(0,€) (64)
14



with the remainder Ry (0, &) given in (63). The latter is thereby formally of order O (§2£f(u,w)).
The proof then follows by iterating Duhamel’s formula, i.e., plugging the expansion (64) into (5),
which yields that

t _
u(t) = e“ug + / =Ly <€§£U0 + £ f (0, o) + R2,a(0,8), eFTg + & f (uo, To) + Ra.a(0, 5)) dg.
0
]

Thanks to Lemma 14 it thus remains to derive a suitable second-order approximation to the
principal oscillations (cf. (34))

t _
Osc(t, L, ug,Uy) = / (=L ¢ (efﬁuo,efﬁﬂ()) dg.
0

In contrast to the first-order approximation discussed in Section 3 we now have to embed iterations
of these oscillations into our discretisation. Following (39) we rewrite the principal oscillations with
the aid of of the filtered function

N(t,s,&0,7) = ety (e v, et AT > elt= 8)£B< (efv) -G (68565“46)). (65)
With this notation at hand we have that
t
Oset, £,0,9) = [ N(t.6,.0. )i (66)
0

Next we carry out a Taylor series expansion up to second-order of the filtered function N'(¢, s, £, v,7) de-
fined in (65) around s = 0. With the the notation 9sN(£,0,&,v,7) = dsN (¢, s,&,v,7)|s=o this yields
that

13 s
N(t737§7?}76) :N(t707§71)76) +588N(t707§71)76) +/ / aglN(t7 317§7U76)d31d3
0o Jo
where 831/\/ (t,s1,&,v,70) obeys the improved error structure
PN (t,s,6,0,7) = e'=9EC2[f, L] (e v, &L et > (67)

where we recall that

C*[f. L] =C[C[f, L], L].
Together with (66) we thus obtain

t t
Osc(t, L,v,7) :/ N(t,O,{,fu,@)dg—k/ EON(t,0,&,v,0)dE

/// (t=s1 £c2f£]( Ly, e51£EAT )dsldsd§

Note that in the expansion (68) we will have to include the term 9N (¢,0,&,v,7) explicitly in our
scheme. Thus, in order to guarante stability of the scheme we next exploit that formally we have
for some 0 < 7 <t that

(68)

5CN(t7 Ca 67 U, ﬁ)
t

8SN(t7 0767?]76) = ’C:t + O (t@g/\/(t,n,f,v,ﬁ))

with the standard shift operator
d¢g(¢) = g(¢) — 9(0).

The latter motivates us to further express the expansion of the oscillations (68) as follows

t t _
Ose(t.£.0.7) = [ A(t.0.60m)dt+ [ NS e 4 Ryt (69)



(see also [5]) where the remainder takes the form
t
Ru(t) = / §<8N(t 0,£,0,7) — SN C §v,9) >d§+/ / / D2 N (t,51,€, v, B)dsydsdé
ts
/ / N(t,s1,&, v, v)dsldsd£+/ / / o N (t,51,6,v,0)ds1dsd§

ts
_ / ¢ / / t=sEC2 [ f 1] <e81 1L EA )dsldsdé
0 0 0
t r€ ps
+ / / / et=sDLC2 [ £, 1] (eM eS1E 8T )dsldsdg
0 JO 0

Remark 15. Again, by the definition of N in (65) we obtain for nonlinearities such that f(v,v) =
f(v) that

(70)

N(t,0,6,0,7) =e“f(v,7) and N(t,t,&0,7)=f (ewv,ewﬁ) for all ¢&.

This also holds true when A = —L + £ = 0. Thus in these cases (A = 0 or f independent of v) we
do not need to carry out any additional approximation as we simply obtain by (69) that

Osc(t, £,v,7) = te'* f(v,7) + %&f (e"“v, D) + R (1)

When A # 0, we still need to tackle the remaining oscillations in the integral terms of (69).

We state a lemma on the integration of the oscillations in EN (¢, s, &, v, ) which will allow us to
handle the second term in (69) also in the general setting where A # 0 and f depends on .

Lemma 16. Under Assumption 1.2 we have that

/tgécN(t= i,g,v,ﬁ) |¢=tdE = t0e—pe=OEB (F (efﬁv) 2 (tA) G <e§£5>> FRawi ()
(71)

where po(2) = L (e* — ¢1(2)) and the remainder takes the form

t e t
Ran, (t) :/0 /0 %/0 elt=sVLC (We s, L] (eslﬁv,es““eslﬁﬁ) dsidsd§ (72)

with U s(v,w) = B (F (v) - e$~9ACIG, A] (w)).

Proof. Note that

' LON(#,6,€, v, T) 1 _ _
/0 g £ |C=td£ = ?/0 £<N(t,t,£,v,v) _N(t707£71)7v)>d£'
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With Assumption 1.2 at hand we obtain similarly to (46) that

/0 CEN (1€, v, )de = / B (F(c“v) - G (e “etAp) ) de
R e CaIIE
/0th<F [G(t‘—)+/§a (e7*AG (e 7)) d Ddg
/0 B (F (e“v) - 4G 7)) de + / / &8 (F ~IAC(G, A (e e ) ) dsd

= t?B(F (e"“v) - pa(tA)G(e'“D)) dé + / / 53 —HACIG, Al (e 5A®)>dsd£.

In the same manner we obtain

/0 EN(t,0,€,v,7)dE = ett / B (F(v)-G(ef«“v»dg
— 2B (F (v) - p2(LA)G(D)) dE + el / / 55 —AC(G, A] (4 ))dsdg.

Using that
t €
/ / ¢ [B <F (etﬁv) &A@, Al (et£68Aﬁ)> —e“B (F (v) - e€=94C[@, A] (e‘”“ﬁ)) ]dsd{
0oJo t
t fg t
:/ / —/ Dy, et VER (F (eslﬁv) L eETACG, A (681568A®)> ds, dsd€
0oJo tJo
t fg t
:/ / z/ et=s1)Le We s, L] (eslﬁv,es“‘leslﬁﬁ) ds1dsd§
0o Jo 0

with e s(v,w) = B (F (v) - el&=9)4C[G, A] (w)) concludes the proof. O

Finally, to handle the first term in (69), we need to derive a suitable second-order approximation
to

/()N(t,O,ﬁ,v,ﬁ)d&zew/O B(F(v)-G(ef““ﬁ>>d£.

Lemma 17. Under Assumption 1.2 we have that

/0 N(t,0,€,0,7)dE = te“B(F(v) - 1 (tA) G(T))

(73)
+te’“ B (F(v) - 2 (tA) & (674G (€17))) + Rans, (1)
where the remainder Ran(t) is given by
&1
Ran, (t) = et~ e840 (G, Al (5245 ) deyde de
[ )

tﬁ/ / /ts &= AC2 (@, A] (4T )dsldstg.



Proof. We carry out a Taylor series expansion in the spirit of (46). At higher-order this yields with
the notation Na(t, A, v) = e 4G (') that

/0 N(t,0,€,0,5)dE = e~ /0 B(F (v)-G<65A6)>d§:et£ /0 B(F (u)-efANg(g,A,v)) de

. & r&
o [n <F (0). A [G@) +elnaE AV, + [ [ 6?2/\/2(52,«4,21)61626161]) 3

Next we use that

ts
N2 (€, A, v)|e=0 — —55N2(§ A 0)|e= = — / / 32 /\/2 (s1,A,v)ds1ds

as well as
RN (t, A, v) = O (e7HG (e47)) = eH4C2(G, Al (e4),
where C2 [f, L] = C[C[f, L], L]. By the linearity of B this yields the assertion. 0

Note that in the above lemma we again used a finite difference approximation for [856_5AG (efAﬁ)]
in order to guarantee stability of the scheme.

Collecting the results in Lemma 14 (in particular (63)), Lemma 16 and 17 yields together with
(69) and (70) the following expansion of the exact solution.

=0

Corollary 18. The exact solution uw of (1) allows with the notation f™ = f(u(t,),u(t,)) the
expansion

w(ty +7) = eFu(ty) + T7eFB (F(u(ty)) - o1 (TA) G(T(t,)))
+ 7B (F(u(tn)) - 2 (TA) 6, (e_TAG (eTAH(tn))))

+ TégZTe(T_S)ﬁB (F <€§£U(tn)) 2 (TA) G <65£U(tn)>> (75)

= r -
+ g @ (Duf" - " D™ )

+ RQ(T, tn)

where the remainder Ry(7,t,) takes the form
Ro(rita) = [ €798 [ (Eu(t) 4 €47 + Raatn . eFu(t) + €77 + Rt )
—f (eﬁﬁu(tn), efzﬂ(tn)ﬂ d¢
=€ [Le(Dufne o Dagn )

/ 5/ / eT=EC2 (£ ] ( 1L (n)7eslﬁe§Aﬂ(tn)) dsydsdé
+ /0 /0 /0 eT=sLC2 [ f 1] (eSIEU(tn),eSI£e€Au(tn)) dsydsdé
tert /0 ' /0 g /0 5113’<F (u(ta)) - €A (G, A) (94T(1,) ) ) dead e
+et /0 ¢ /0 1 /0 TSB(F (ultn)) - | e€7D4C? (G, A] (e 4u(t,)) dsuds] ) d

T 13 T
+ / / £ / eTEC [We_ L] (e Cu(ty), e*Ae ET(t,,)) ds dsde
o Jo TJo
18
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with
3
R2,a(tn7 f) = /0 e(ﬁ—s)ﬁf (u(tn + S)7ﬂ(tn + 3)) ds — ff(u(tn)7ﬂ(tn))
Te(v,w) = B (F (v) - 4C[G, A] (w)) LEER.

(77)

Corollary 18 motivates the second-order scheme (19) which locally yields a low-regularity third-
order approximation to the exact solution u(t) at time t =t =7- (L +1) .

4.1. Local error estimates.

Proposition 19 (Local error estimates for the second-order scheme). Let

Ra(7,tn) = ultni1) = Pum2(u(tn)) (78)
with w defined in Corollary 18. If Assumption 1.1, 1.2, 2.3, 2.4 hold and assuming that

sup [[u()lla, < Cr (79)
[0,7]

(where oy is given by Assumption 2.3) for some Cp > 0, then there exists Mp > 0 such that for
every T € (0,1]
IR2(7 tn)lag < Mr7®,  [R2(7,t0)llag < Mr7'™e, 0 <nr <T (80)

for some € > 0.

Proof. Within the proof Mt will again stand for a harmless number that depends only on C'r which
changes from line to line. By using Corollary 18, we can write

6

Ro(T,tn) = Z Ei(T,tn),

j=1

where in the expansion of the right hand side given by (76), we define & (7,t,) as the first 3 lines
and then each line corresponds to one term. The estimates of £; for j > 2 is a direct consequence
of Assumption 2.3 and Assumption 1.1, we thus get

1Eillag < Mp, j>2.

It thus only remains to estimate & (7,t,). By using (24), we first observe that

Eiritn) = [ 08 1 (SEulty) + 17 (tn)+£f”)— (cSCutta), eZ(ra)) ] de

e’ ; 5 (Dif™ - f* + Dof™ - fr) d€ + E11(7, 1),

where
[€1,1(7, ) lag < 7Ca | M, Sup 1R 2,a(t; ) lao Sup [R2,a(t; ) lao- (81)
(t,£)€[0,T]x[0,7] (t,£)€[0,T]x[0,7]
Then, by using only the first estimate of (4) for o = ap and the expression (77), we get that

sup [ Ro.a(t §)llag < 7Caq (sup [|ullay) < 7M.
(t)el0.T]x[0.7] 0.7]
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To estimate ||R2q(t,&)|lay, We observe that thanks to the fundamental Theorem of calculus and
the equation, we have

R2a t 5
/ / €08 £ (f(u,) + Daf () - (Cut f(w,5) + Daf (uw,7) - (L + F(w,m) ) dsy ds

+ 01 (L) LS (u ( ), u(t))
(82)
where in the above integral u and u are always evaluated at the time ¢ + s;. Therefore, by using
the assumption (25) and (79), we get that

sup | Raa(t, )lla < 7M.
(t,£)€[0,T]x[0,7]

This finally implies thanks to (81) that
1€1,1 (7, tn)llap < M7, (83)

To estimate the remaining terms in &£, we can write

T 1
rt) = [ ee08 [ (Dup(eEu e o Fas ) -
Do f (55U + sEFT, 5T + sEFT) - F) ds d¢
et /0 Dy Do T dE 4 £ (7o)

where v and w are evaluated at ¢, and finally

/ / 5/ (=0L[ — £ (Dyf (Vawr, Vamr) - £ + Daf (Vs Vour) - F7)
+ D7 f(Vss1s Vasr) - (e Slﬁﬁu + I ) 4 D2 f (Vo Vowr) - (€9 ELT + sT7, f7)
D3 f (Vass Vo) - (€9 Latn + 57, F7) + DEf (Vasy Vo) - (€7 Lt + 577, 7| sy sl
+E11(T,t)
where Vs, (tn) = eS1fu(ty,) + ssf™. Consequently, by using (26) and (25) and (83), we get that
1€ (T, tn) lag < M7

and hence finally the first part of (80).
It remains to estimate |Ra(7,t,)||ay- We use again (78) and the definition of the numerical flux
n (19), to get

Rao(T,tn) = u(tns1) — eTﬁu(tn) - TE\I/num 2( (tn))-
By using the Duhamel formula and the assumption (27), we easily get that
HR2(7—7 tn)”ao < M.

We finally get (80) from the same interpolation argument as in the study of the first-order case.
O
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4.2. Proof of Theorem 3. We follow the same lines as in the convergence proof of our first-order
scheme. Let us set e = u(t,) — u", u" being the numerical solution computed with (19). We get
that

= eTE L T (W p(u(tn)) = W 2(u™) | + R ).
By using (28) and Proposition 19, we get that for 0 < nr < T,
€™ lag < 1€ lag + TCls ([utn)llags €™ lao )€™ [l + Mr7?
In a similar way, by using (29), and Proposition 19, we obtain that
" lag < (€™ lag + 7Clq ([u(tn)llags €™ lag €™ [lag + M7 <.
We then easily get by induction that for 7 sufficiently small, we have that

sup ||e"]lqp < +00, sup € ]lay < Mypr2.
0<n<N 0<n<N

This ends the proof.

5. EXAMPLES

5.1. Heat, NLS and Ginzburg-Landau type equations. To illustrate our general theory, we
shall consider the equation

Oru — DAw = yu(l = [ul?),  up—o = ug (84)
where u € C, and D, v € C with Re D > 0 so that nonlinear Schrédinger (NLS) type equations and
nonlinear heat equations are included in the same model. We assume that the problem is set for
z € QC R d <3, where Q is a smooth open set with compact boundary and we add the Dirichlet
boundary condition

u(t. ) o0 = 0. (85)
We thus set X = L?(Q) and £ = DA with domain D(£) = H?>N H}. By standard characterization,
we have that X® = H?* N H} for 1/2 < a <1 while for 0 < a < 1/2, X* = H?®,
Assumption 1.1 is then matched. The “nonlinearity” is given by

fu,m) = yu —

so that B = Id.

We shall check the assumptions for first-order convergence, we fix ag any number strictly bigger
than d/4 arbitrarily close to it so that H2%(Q)) C L* and a; = 1 (the propagation of higher order
regularity would require additional compatibility conditions for the initial data).

The estimate (4) then follows by standard Moser-Gagliardo-Nirenberg-Sobolev estimates since
for every a > 0

ulull e S llFza lull g2e,  2a0 > d/2.
Let us consider the scheme (6) for this model and measure the error in L? so that ag = 0.
Then, we have the explicit expression
Clf, L](v,w) = vD (A(v*w) — 20Avw — v’ Aw) = yD (4vVv - Vw + 2V - Vow). (86)
We thus deduce that
ICLf, £1(v, )22 S (vl pee + [wllze ) (V0] o[Vl o + [V 0l|4)-
Since H?% C L*, and H* C L* with s = d/4, we can take
1 d
- (14 =
(6751 2( + 4)

(note that we can always assume that d/2 < 2a9 < 1+ d/4 when d < 3.)
21



Next, we have that F(u) - e>AC[G, A](w) = 0, since f is linear in @. Therefore (11) is also
matched.
It remains to check Assumption (2.2) (recall that we take ap = 0 here).

e The first part of (12) is again a consequence of H2%()) C L™ For the second part, we use
2 2
ul"ull g2 < lullzoe [[ull7s

and the estimate follows from the embedding H §c L
e In this specific case, we have

B((F(w)) - ¢1(1, A)G(w)) = yu — yu’ 1 (7, Ayw

since ¢1(7,.A) is bounded on Sobolev spaces, the estimates (13), (14) and (15) then also
follow from the above arguments.

We then obtain from Theorem 2, that:

Corollary 20. For 1 < d < 3 and for every uy € HH'%(Q) NHIQ), let T > 0 and u €

C([O,T],HH%(Q) N HY(Q)) the unique solution of (84) given by Theorem 1, let u™ denote the
numerical solution given by (6). Then there exists Cp > 0 such that

lu(nt) —u™||f2 < Cpr, 0<nT <T.

Note that we require only 1+ d/4 derivatives to get first-order convergence in contrast to clas-
sical schemes which require (at least) 2 derivatives. The same result holds for periodic boundary
conditions. Corollary 20 does not use any smoothing properties of the PDE, it could be improved
by using parabolic smoothing if Re D > 0. It could also be improved when Re D = 0 if {2 is nice
(non-trapping exterior domain), or if Q = T¢ by using tools from dispersive PDE in the convergence
analysis of the scheme (e.g. discrete Bourgain-space type estimates) see [23], [24].

Also note that for periodic boundary conditions (x € T¢) or the full space (z € R?) if we measure
the error in high order Sobolev spaces H” with r = 2ag > d/2 we obtain the global error estimate
|u(nt) — u™|, < Cpr for solutions in H" 1.

Remark 21. In the special case of the periodic Schrodinger equation with polynomial nonlineari-
ties uPu™ the second-order Duhamel integrator (19) improves previous methods ([15]). For periodic
boundary conditions it is similar to the second-order scheme developed in [5] based on the combina-
tion of a resonance based discretisation (which is so far restricted to periodic boundary conditions)
coupled with suitable filter functions. For the favorable error behaviour at low regularity, see in
particular [5, Fig. 3].

Remark 22. In case of the cubic Schrodinger equation the filtered Lie splitting (18) takes the form

W — e (YO o U(r) =1 (- 2iTA). (87)

In contrast to its unfiltered counterpart (¥(7) = 1), the filtered Lie splitting (87) only involves one
additional derivative of the solution in the local error (i.e, Vu) instead of two (i.e., Au). This can
be seen by reformulating the filtered Lie splitting as follows

uttl = et [(1 + ru’ (1’(7’)?)) uq + R(7,u’)

where the first term corresponds to the low regularity scheme (6), which only involves first order
derivatives in the local error, see (86), and the remainder

R(rul) = ™" Kemf(w(r)ﬂ) R <\If(7)ﬂ>> uz]

is of order O(12q(u’)) for some polynomial q.
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5.2. Half-waves. Let us consider the half-wave equation
i+ |V|u = £|ul?u, £ =i|V], Ujp—o = Up- (88)
In this situation the low regularity scheme at first-order takes the form (cf. (6))
ultt = IV (ué F iT(UZ)2g01( — 22’T\V])W>
and at second-order it reads (cf. (19))

. . . 2 .
ultt = eIVt £ iretIVI <(uz)2(’01( - 22’7’|V|)U€> FaT <e”‘v|ué) 902( - 2iT|V|)e”W|ﬂé

. 2 2
+ ire' IV <<u5> o2 — 22’7’|V|)U€> - %e”m <|u€|4ue> .
In the following we analyze the order of convergence of the above schemes.

5.2.1. First-order scheme. We shall first analyze our first-order scheme in dimension 1 with periodic
boundary conditions thus for x € T, d = 1. Here, we have

f(u,w) = Fiv’*u
so that again, B = Id.
We set X = L*(T), £ = i|V| with domain D(£) = H*(T). We thus have that X* = H%(T).
Assumption 1.1 is then matched. We fix now ay any number strictly bigger than 1/2 arbitrarily

close to it, and take a; = oy = 3/4 and we will again measure the error in L? so that ag = 0.
Assumptions 1.2, 2.2 are matched thanks to the same arguments as above. Then, we have that

Clf, L](v,w) = i (|V[(v*w) = |V[(v*)w — v*|V]w + (|V[ () — 20|Vo|)w) .
To estimate this term, we shall use the following estimate

IIVI(fg) = IVIfg = fIVIgllz2 < 1] 9]l

which can be obtained as a consequence of some recent version of the generalized Leibnitz rule [18].
We shall provide a direct proof of the above estimate which is valid for the torus in Section 6. The
latter in particular implies that

ICLf, L](w, w)llz2 < [lv?]l

1,d 1,d
H2t1 H2t4

lwll 3ea + lwllz [ VI(0*) = 20| Vol||

1,d 1
H2t4 H2t

S lollzeellvll 14 gllwl]

1.d-
H2t 3t+g

2
b ol ol

Therefore, with a1 = 3/4, we get
CLf, L) (v, w)| 2 S Nlwllpres [Jo][Fres -

Next, we have that F(u)-e*AC[G, A](w) = 0, since f is linear in @ therefore (11) is also matched.
We can check (4) and Assumption 2.2 as in the previous example.
We then obtain from Theorem 2, that

Corollary 23. For for every uy € H%(']I‘) Let T > 0 and u € C([0,T], H%(T) the unique solution
of (84) given by Theorem 1, let u" denote the numerical solution given by (6). Then there exists
Cr > 0 such that

lu(nt) —u™||f2 < Cpr, 0<nr <T.

Note that classical schemes would require initial data (at least) in H'.

In higher dimensions, 2, 3 for example, at first-order our convergence result does not improve on
the classical regularity assumption. The main reason is that the order of the operator £, which is
1 in this case, is smaller than d/2 which is the minimal ay that we can take to get a local Cauchy
Theory without using more sophisticated harmonic analysis tools. In this case, the estimate for
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the commutator C[f, L] is not better than the estimate of each of the terms alone. We could
improve the first-order error estimate by adapting the harmonic analysis tools developed in [24].
Nevertheless, even without any sophisticated tools our second-order convergence result yields a
significant improvement as we shall see below.

5.2.2. Second-order scheme. To illustrate our second-order theory, we shall now consider (88) for
d = 2 still with periodic boundary conditions i.e z € T?. We still have X* = H*(T%). We choose
again to measure the error in L? so ag = 0 and we fix ag > d/2 arbitrarily close to it. We first
check the estimate (21) to fix as. Note that again (22) and (23) are trivially satisfied, C[G, A] =0
since G is linear. Let us set T'(v1,v2,v3) = vivvs. We shall estimate ||C?[T, £](vy, v, v3)| 2. The
estimate of ||C2[f, £](v,w)| 2 then follows by observing that f(v,w) = T(v,v,w). By expanding
C2[T, L£](v1, v2,v3), we get that

C2[T, L] (v1,v2,v3) = |V[*(v1v203) — |V [2v10903 — 01|V 20203 — v102| V203 + R 4 Ro (89)

where

Ri=> vilV]v; [V]vk, Ra=3 (IVI(viv;[V]vr) = vivs|VI*ux)
i,k 1,5,k
The sums are finite sums, we do not need to explicit them. We can easily estimate R by using
1
the Holder inequality and the Sobolev embedding H2 C L* in dimension 2. We get

IRwllzz S D ol IV 0l all W lorlle S D oillzeo lvgll g llowll 5
i,k i3,k
For Ry we use the Kato-Ponce commutator estimate (see for example [18] Theorem 1.9) to get
IR2z2 S YNV o) llpallVIvelpe S D lloillze llogl g llowll 5
i3,k 1,5,k

It remains to estimate the leading term in (89). Since |V|? = —A we can expand with the classical
Leibnitz formula. We obtain

C2[T, ,C](’Ul, V2, 1)3) = — Z vinj . V?Jk + Rl + Rg.
i7j7k
Therefore, from the same estimates as previously, we obtain that

IC?[T, £] (w1, vz, v3)l| S lloall g o2l g llvsll g

We thus choose ay = % The other assumptions are then again a consequence of the tame estimate,
for s > 0:

Jwvwl| s S [|wllzeo l[0]l oo [[w][ s + ([0l oo [[w] mao [lull s + l[w]| oo [[ul| zao [[v]| 2
We thus obtain:
Corollary 24. For every ug € H%(']IQ). Let T >0 and u € C([O,T],H%(’]I'Q)) the unique solution

of (88) given by Theorem 1, let u™ denote the numerical solution given by (19). Then there exists
Cr > 0 such that

|u(nT) —u™||2 < Cpr?, 0<nr <T.
Note that second-order convergence of classical schemes for the Half-wave equation (88) requires

(at least) H? solutions.
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5.3. Wave and Klein-Gordon type equations. Our general framework can also be applied
to Klein—Gordon and wave equations: Let us for instance consider the nonlinear Klein—Gordon
equation

Oz — Az +mPz =g(2), 2(0) =up, 0:2(0) = uy, (90)

where for simplicity we assume non zero mass m # 0 and real-valued solutions z(t,z) € R. However,
we may also deal with the complex setting z(t,z) € C and wave equations m = 0.

In a first step let us rewrite the Klein—-Gordon equation (90) as a first-order complex system. We
consider that z € T? for d < 3 so that

<v>m =V —A+m2

can be defined with Fourier series. We get

i = —(V)mu+ (V) a((3(u+7)). (91)
The latter is obtained via the classical transformation
u=z—i(V), 10z, (92)

where
<v>m =V —A + m2

is an invertible operator (recall that m # 0) and
1
z = g(u +u) = Re(u).
We thus define £ = i(V),,, with X = L?(T%), D(£) = H'(T¢) and hence X¢

Assumption 1.1 is clearly satisfied.
To illustrate our theory, we shall consider two classical nonlinearities:

H*(T%).

e power type: g(z) = 22
e Sine-Gordon: ¢(z) = —sinz.

We have
Flu,7) = —i(V)lg (3 +)
so that f is under the form (3) with

fo,w) = B(F(v) - Gw)) = —Li(V).F (0? +w? + 20w),  g(z) = 22, (93)
fo,w) = B(F(v) - G(w)) = i(V),,! (sin(3v)cos(3w) + cos(2v)sin(Fw)), g(z) = —sinz. (94)

Note that in this case, B is non-trivial, we have, B = (V),.}. We can thus use our schemes for this
formulation. A natural space to measure the error for wave type equations in terms of (z,9;z) is
H' x L2 In terms of u with the definition (92) the H! norm is hence a natural choice. We shall
thus choose ag = 1.

5.3.1. First-order scheme. We shall study our first-order-scheme (6), in dimension 1, d = 1. Let us
then check our assumptions 1.2, 2.1, 2.2 with a9 = 1.

Let us start with the nonlinearity given by (93). We can take ayp = 0 and we we can take
a; = ap = % + % = %. Indeed, let us first check Assumption 2.1. We use again the following

inequality

(V) (V)i (vw) = (V) mvw — (V) m1w) |
S V)m(vw) = (V)mvw — v(V)mw)|| 2 S [[ollges[[w][ger (95)
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where we have used Lemma 27 (see below) for the last inequality together with the Sobolev em-
bedding H § C L*. The estimate (95) implies (10), (11) and motivates the choice of ;. Let us now
check the other assumptions. We have by duality (since H' C L°°) that
-1
V) (vw) [z S lvwlla-1 S llvwllze S [l pzllwllze
and
1£ (@)l 3 S Wul?ll -y < WulPllzz S lullgzllullze < llullzlull 5.
This yields (4) (the case o € (0,3/4] can be obtained from similar arguments and is actually not
needed) and (15). The estimates (14), (12), (13) are a consequence of the following estimate: for
a<l
(V)o! (vw) e S lowlizz S Mollzzlwlze S ollzzllwll 5.

The nonlinearity (94) can be handled in a similar way, the only new non-trivial estimates to

obtain are (10), (11). We first observe that

V)L (V) sinu — cos w(V) mu)) || gt < (V) sinu — cos u(V )| 2.

So that we only need to estimate [[(V),,sinu — cosu(V)ul 2. Details will be given below in
Lemma 28. We obtain again that

{V)m sinu — cos u(V)mull 2 S C(llull ,3)-
We thus obtain that
Corollary 25. For for every up € H%(T), uy € H_%(T) Let T > 0 and z € C([O,T],H%(T)) N

Cl([O,T],H_%(']I‘)) the unique solution of (90), with g(z) = 22 or g(z) = sinz. Let u"™ denote the
numerical solution given by (6). Then there exists Cr > 0 such that

lz(nT) — Re u"|| g1 + ||0ez(nT) — Im u"||;2 < Cp1, 0<nrt <T.

Such an error estimate for a classical first-order scheme for the equation (90) would require (at
least) H'! solutions.
In higher dimensions, our second-order scheme will give more significant improvements.

5.3.2. Second-order scheme. We shall now study (90) formulated as (91) for z € T3, and g(z) = 22.
We shall again measure the error in H! so that ag = 1. In this case, we could take ag = 1/2,
nevertheless, since we will be forced to take ag = 7/4, which is now bigger than «y, it is convenient
to choose ag = ag = 1, a1 = ag = 7/4. To get (4), we observe that with our choice, by using the

embedding H 1 ¢ L* in dimension 3, we can write
V)z! (vw) i S lowlize S llollpallwllze S vl g llwll s (96)
This yields (4) for a = ag. For a € (ag,a1], a1 = aq = 7/4, we use that
KV)m! (vw) | S llowll
and hence by using the generalized Leibnitz rule, and the embeddings H' ¢ L%, H 5 C L3 we get

1 1
low]] 1 S (V) ivllpsllwlps + (V) 2wl psllollrs < llvll 5 llwll 1+ llwll g lloll -

We have thus obtained that
(V) (vw) lgar S (o]l ao [wllzer + [[wl| e [[o] e - (97)
This yields (4). For (24), we use that

(V)" (ww) g S lvwllgz < ollpsllwllze S ol g lwlla (98)
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since H' C LS, H3 C L3, For (25), we have that for k =0, 1,
V) (V) w®) i S NuVullzz < llull gl Vull g < lull? 5,
V) (V) m)llre S luVul g2 S [lul? 5.

and that

V) (V) @D | S (V)5 2 e S Hlull s (V)5 0% e

< lull 3 1072 Nl y 10l S Tl ol 5.
In a similar way, we get (26) from
(V) (V! (V) @) S llull (V) 0%) e + Nlull s 1001 Zs S Il [loll7r

since ag = 7/4.

To get (28) (29) (since we have chosen ayp = oy = 1, there is only one set of assumptions to

check) we can use again (96) and (98), so that it only remains to estimate the terms of the type
D;f - f, we use that

V) (V)2 (ww)llan S Null s V)3 (vw)lzs < lall g lowllzz S Nlullge o]l flwl s

To get (28), we can use again (97) since a; = oo with the following estimate to handle the terms
involving D; f - f

1) ({5 (o),

_1
S V) mull s (V)" ww)ll s + Nl o 11V )m* (vw)l[zs < llull 510l 5 1wl 5 -

< V)t el g

ISIRER

It only remains to check Assumption 2.3. Let us set B(v,w) = (V) (vw), we can easily deduce
Assumption 2.3, if we can prove that

IC* (B, AV )m] (v, )l S Noll 7wl 2 (99)
By explicit computation we have
C?[B, (V) (v,w) = (V)" (V)7 (vw) = (V)vw — v (V)7 w)
+2(V)5 (V) o(V)mw) = 2(V)5" (V)i (0(V)mw) = o(V)5 w0 4+ (V)i (w(V)mo) — w(V)0) .

Since (V)2 = m? — A, we get from the standard Leibnitz formula that

(V) (V)i (ow) = (V)vw — o (V)7 w) || S V)5 (vw) = (V) vw — v (V) w2
S ollpallwllza + Vol a][Vew]| s
and hence from the embedding H 1 ¢ L* in dimension 3, we get
V)t (V)i (vw) = (V)7ow = o(V)Fw) || o S vl 7 llwll, 7
For the second term in the right hand side of (100), we use again
(V) (V) (V)mw) | S ol g llwll 7
The most difficult term is (V)1 ((V)m (0(V)mw) — v(V)2,w), for this one, we use again the Kato-
Ponce inequality to write
1(V)m! (Vi (0(V)mw) = o(V)5w) g1 S IV )m (V) mw) — (V) 7wl 2
S Vol pal(Vymwlia S ol 7 llwll 7
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We thus obtain that

Corollary 26. For for every ug € HE(T?’), up € H%(T?’) Let T > 0 and z € C([O,T],HE(T?’)) N
ct([o, 17, H%(T?’)) the unique solution of (90), with g(z) = 22. Let u™ denote the numerical solution
given by (6). Then there exists Cr > 0 such that

|2(n7) — Re u™|| g1 + ||0s2(nT) — Im u™|| 2 < Cpr?, 0 <n7T <T.
Note that second-order convergence of classical schemes for the Klein-Gordon equation (90)
requires (at least) H? solutions. In a similar way we can treat the wave equation
Ouz — Az = h(z)
by setting g(z) = h(z) + m?z for some m # 0 such that 9z — Az + m?z = g(2).

6. TECHNICAL LEMMA

In this section, we shall use the Littlewood-Paley decomposition on T?. Let us recall some basic
facts, we refer to the book [1] for example for the proofs. We take a partition of unity of the form

L=¢1()+ > o(&)
k>0

where ¢_ is supported in the ball B(0,1) and each ¢ (&) = ¢(£/2F), k > 0 is supported in the
annulus 271 < |¢] < 281 We can then decompose any tempered distribution as

U = Z Agu, F(Aru)(§) = or(&)u(s),
E>—1

note that we can use the Fourier transform on R% or on T, in this case & € Z%. We shall use the
following facts (Bernstein inequality): For every o > 0 and every p € [1,o0], there exist constants
¢ >0 and C' > 0 such that for every k > 0, we have

27 (b (=iV))ulle < [|1=iV|7 ($r(=iV)u)l| e < C27%) (f1(=iV)u)]| - (101)
For two functions u, v, we have Bony’s decomposition
wv = Tyv + Tyu + R(u,v) (102)

where we set
Tob= Se1algh, Seia= Y Awa, R(uv)= > Apalgbh.
K ksq=2 lp—al<2
We shall first prove

d

Lemma 27. Foru, v € H%+4, we have the estimate

IIVI(wv) = [V]uo = ulV]oll2 < llull, 4 (103)

+4 ”U”H%+%’
This estimate also holds with |V| replaced by (V).
Proof. The fact that the same estimate holds for |V| and (V),, just follows from the observation

that (V),, — |V| is a bounded operator. We shall thus prove (103) We can use the decomposition
(102). The result then follows if we can estimate the following terms

I = |V[(Tyv) — Ty — TulVv, Il = R(u,|V|v), I1I = |V|R(u,v)
and symmetric terms.

By using Theorem 2.85 of [1], we get that

g2 + [Tz S lull
28
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so that we only need to estimate I. By using the frequency localization, we get that

172 S D MIVI(Sg-1udgv) = [V|Sg-1ulgv — Sy—1ulV|Ago]| 7.
q

By using the fourier Transform we need to estimate
2

=S 1Y m(k — 1,0 A0k~ DS ()
k l

where [m(&, n)| = [|€+n| =&l = [nll < [€llnl/ (€ +n[+[&]+|n]). We remind that due to the frequency
localisation in the Littlewood-Paley decomposition, we have |I| < 2971 and 297! < |k — | < 29+,
By using Cauchy-Schwarz and Fubini, we then get that

LS swp Y MEDE,,

WH H7+1”A U”L?

2q71§|§|§2q+1 |l|S2q 2 1

Since |m(¢,1)| < |I|, we have that
>y |m(§,l)|i < gali+$)
Mevee Bl
Therefore, we get that
1207 < ZI < 200+%) |UH2 I AVEI RS HUH2 1 ||v||2 144

+1

where the last inequality comes from the Bernstein inequality and the almost orthogonality of the
terms. This concludes the proof.
O

Lemma 28. Ford=1, u € H%(']I'), we have
{V)m sinu — cos u(V)mull 2 S C(llull ,3)-
Proof. By using for example [21] Theorem 5.2.5 (Still valid on the torus), we have that for u € H®,
s> d/2 (we take s = 3/4), sinu — Teosy € H?~%. We thus get that
(Vimsinu = (V) (Teosutt) + R1

with R € H 25—3 Next, we can write that

cos U(V)mtt = Teosu(V)mu + Tivy,,u cosu + R(cos u, (V)u).
By using again Theorem 2.85 of [1], we have that

[ R(cos u, (V)mu)l[r2 S [[cosul 5 [{(V)mull -1 S Cllull ,3)-
By using also Theorem 2.82 of [1], we also have

1
IT(wyucos ull 2 S I{V)mullzellcosull L3 < Cllull  5)-
Therefore, it only remains to estimate
<v>m(TCOS uu) - Tcosu<v>mu-

By frequency localization, we have that
H< >m( Cosuu) Cosu muHL2 S Z H Sk ICOSUAku) Sk—l COSU<V>mAku”%27
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therefore, by using Lemma 27, we get that

1{V)m (Teos utt) — TCOSU<V>mu||%2 = Ek: [Sk—1 COSUHZ% ||Aku||2%

< ”COSUHZ% Zk: ”AWHZ% < ”COSUHZ% HUHZg'

We conclude by using again that
leosull ;3 S 1+l -

This concludes the proof. O
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