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ALMOST OPTIMAL CONVERGENCE
OF THE POINT VORTEX METHOD
FOR VORTEX SHEETS USING NUMERICAL FILTERING

RUSSEL E. CAFLISCH, THOMAS Y. HOU, AND JOHN LOWENGRUB

ABSTRACT. Standard numerical methods for the Birkhoff-Rott equation for
a vortex sheet are unstable due to the amplification of roundoff error by the
Kelvin-Helmholtz instability. A nonlinear filtering method was used by Krasny
to eliminate this spurious growth of round-off error and accurately compute
the Birkhoff-Rott solution essentially up to the time it becomes singular. In
this paper convergence is proved for the discretized Birkhoff-Rott equation
with Krasny filtering and simulated roundoff error. The convergence is proved
for a time almost up to the singularity time of the continuous solution. The
proof is in an analytic function class and uses a discrete form of the abstract
Cauchy-Kowalewski theorem. In order for the proof to work almost up to
the singularity time, the linear and nonlinear parts of the equation, as well
as the effects of Krasny filtering, are precisely estimated. The technique of
proof applies directly to other ill-posed problems such as Rayleigh-Taylor un-
stable interfaces in incompressible, inviscid, and irrotational fluids, as well as
to Saffman-Taylor unstable interfaces in Hele-Shaw cells.

1. INTRODUCTION

Standard numerical methods are generally not convergent for ill-posed problems.
Typically, in an ill-posed problem, the linear growth rates increase unboundedly
with increasing wavenumber. Such problems may have short time smooth solutions
if the Fourier coefficients of the initial data have rapid enough decay (i.e., existence
in analytic function spaces [5, 12, 23]). However, when standard numerical methods
are used to compute them, the methods prove to be highly unstable. This is
because, on the numerical level, the decay of the Fourier coefficients is limited by
the numerical precision. For example, the Fourier coefficients of the initial data
decay only until the roundoff level is reached. Roughly speaking, all subsequent
modes are dominated by roundoff error and do not decay. Since these highest
modes are amplified the fastest in time, the numerical solution becomes dominated
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by spurious error and the computation breaks down, even though the true solution
may still be very smooth.

A prototypical ill-posed problem, and the one we will consider in this paper,
is the evolution of a vortex sheet in an incompressible, inviscid, and otherwise
irrotational fluid. This is a classical problem in fluid dynamics, and the sheet
undergoes the Kelvin-Helmholtz instability. In this problem, the linear growth rate
is proportional to the wavenumber of the initial perturbation. Moreover, singularity
formation appears to be generic, even for vortex sheets initially near equilibrium
[17, 15, 6, 22, 9]. One motivation for performing numerical simulations of the
vortex sheet problem is to characterize the types of singularities that can form and
to determine whether there is in fact a “generic” type. See [9] for a very recent and
thorough study of singularity formation and evolution for the vortex sheet problem.

To accurately compute the numerical evolution of a vortex sheet, one must over-
come the spurious growth of roundoff error. This can be done using a numerical
filter. However, standard linear filters, such as removing, or damping, a fixed
band of modes, often “over-smooth” the details of the solution, making singularity
characterization difficult. Moreover, through nonlinearity, the physically relevant
spectrum typically expands in time into the region of artificially removed wavenum-
bers. If this region is fixed independently of the discretization parameters and of
time, then this type of filtering scheme will no longer converge at such times. On
the other hand, a nonlinear filtering, introduced to this problem by Krasny [15],
has proven very successful. The Krasny filter sets equal to zero all Fourier modes
lying below a certain error tolerance and leaves those lying above the tolerance
unchanged. The filter is nonlinear, because the modes it removes depend on the
function to which the filter is applied. Important consequences of this filter are
that it allows nonlinearity to produce non-zero modes anywhere in the spectrum,
and that the linear growth rate is determined by the discretization and not the fil-
ter. Using this nonlinear filter, Krasny [15] and subsequently Shelley [22] were able
to accurately compute numerical solutions essentially up to the time they become
singular.

In this paper we prove that in the presence of simulated roundoff error and
Krasny filtering, the point vortex method (PVM) and the spectrally accurate modi-
fied point vortex method (MPVM [22]) both converge to the solution of the Birkhoff-
Rott equation. The proof is in an analytic function class and uses a discrete form
of the Cauchy-Kowalewski theorem [7, 18, 19, 21]. The proof is presented for the
case in which the sheet is initially near equilibrium and convergence is obtained
nearly up to the singularity time. This result is nearly optimal, and is referred
to as a “long time” convergence theorem. This is a significant improvement over
previous convergence theorems for this problem, where the time of convergence was
restricted to be much less than the singularity time [8, 14]. The near equilibrium
case was studied on the continuous level in [5, 23]. If the near equilibrium condi-
tion is violated, convergence is obtained for a short time provided the true solution
remains smooth.

The improved result rests on two observations. First, the nonlinear filter must
be included in the analysis to control the growth of the round-off error in time. We
note that the previous convergence results did not include the nonlinear filter, as
the analysis of it was incomplete at that time. Still, this is not enough to obtain
a “long time” convergence theorem. Second, it also is necessary to separate the
linear and nonlinear parts of the equation. Both parts of the equation must then
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be precisely estimated. This is analogous, in spirit, to the continuous analysis of [5],
where the linear part of the equation is solved exactly (by integration along complex
characteristics) and precise bounds were obtained for the nonlinear operator. The
analysis in this paper applies directly to other numerical methods, such as the
modified point vortex method [22], as well as to other ill-posed problems, such
as Rayleigh-Taylor unstable interfaces in incompressible, inviscid, and irrotational
fluids, as well as to Saffman-Taylor unstable interfaces in Hele-Shaw cells. Further,
if surface tension is included so that the problems are well-posed [2, 3], then the
analysis of Krasny filtering presented here, combined with the analysis presented
in [4], can be used to prove convergence in that case also.

The outline of the paper is as follows. In Section 2, the nonlinear filtering is in-
troduced and a sequence of model equations is analyzed, providing an overall frame-
work for our analysis. In Section 3, the vortex sheet problem, the PVM and the
MPVM are introduced, and the convergence theorem is given. In Section 4, the dis-
crete Cauchy-Kowalewski theorem is presented. In Section 5, the main convergence
theorem is proved. In Section 6, the discrete Cauchy-Kowalewski theorem with fil-
tering and roundoff error is proved. A version of the abstract Cauchy-Kowalewski
theorem for continuous time is presented in Appendix 1. Several technical results
are deferred to the other two appendices.

2. NONLINEAR FILTERING AND MODEL PROBLEMS

The nonlinear filter introduced by Krasny [15] can be considered as a projection
operator in Fourier space. It is described as follows. Given an error tolerance T,
the projection operator P is given by

(2.1) (PL) = {o, if | ol < 7.

If f is a discrete function, then fk is the k-th mode of the discrete Fourier transform
of f. If f is a continuous function, then the continuous Fourier transform is used.
The continuous version of Krasny filtering is used in this section for illustration only.
In all subsequent sections, P is defined through the discrete Fourier transform.

The filter P is nonlinear because the wavenumbers at which it is applied depend
on f itself. This filtering method is most effective when fk is rapidly decaying, i.e.,
the function f is periodic and analytic. It also requires high precision computations,
since the filter level 7 must be much larger than the round-off error size ¢,.. Typical
sizes for a double precision computation are e, = 1071° 7 = 10712

The usefulness of this nonlinear filtering is that while it prevents the spurious
growth of round-off error, it allows the linear growth rate to be determined by
the numerical discretization rather than the filtering scheme, since the filter leaves
those modes that lie above the tolerance level unchanged. This is most effective for
nonlinear problems, because wavenumbers grow due to both linear and nonlinear
interactions.

In this section, we present a sequence of examples that show the essential effects
of filtering, the necessity of using the abstract Cauchy-Kowalewski theorem and
the overall strategy of our convergence proof. We begin with a linear example.
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Consider the simple model equation

(2.2) {ut = H(ua),

u(a, 0) = up(a),

in which H is the Hilbert transform; i.e., (7/{\u);~C = —isgn(k)lg. Actually, (2.2)
arises from the linearization of the equations of motion of an interface in an unstably
stratified Hele-Shaw flow in the absence of surface tension [20]. Take the initial data
to be 1p(k) = e~ I¥IPo 50 that the solution is

(2.3) G (t) = e~ IFllpo=t),

This solution develops a singularity at time 7y = pg, when the exponential decay
of the Fourier components is lost. Of course, this singularity was “built into” the
initial condition.

Now suppose that the initial data is perturbed by simulated roundoff error, and
solve equation (2.2) both with and without filtering. For simplicity, we will suppose
there is no roundoff error in the equation. This will make the effect of filtering
clearer. Moreover, because the equation is linear, the analysis of roundoff error in
the equation essentially reduces to that given below for the case when initial data
is perturbed by roundoff error. This is because, in the periodic case where k is an
integer, multiplication by |k| ensures that if the initial data at mode k lies above
the roundoff, then mode k lies above the roundoff at all subsequent times.

The roundoff error is simulated by a perturbation e, with é.(k) = &, in each
Fourier mode (with €, ~ 107!%). The perturbed problem without filtering is

5 = |kl
(2.4) 01 | |”‘j€’
05(0) = e Iklro 4 g
which has solution
(2.5) (L) = e~ IFl(po—t) 4 o elklt,

Notice that the initial roundoff error is amplified exponentially in time with a rate
proportional to |k|.
Now consider the perturbed problem with filtering. It is given by

o —

Opiby, = P{H(wa) i,
Wy (0) = (P{Umr})k

- e~lklpo g, if e~ Iklpo e > T,
0 if e lkleo g < 7,

(2.6)

where, for simplicity, we assume that ¢, > 0. The solution w(t) to (2.6) is given
by

2 - {e—k(Po—t) Lepelklt if o=kl Lo > p
. WE =

0 if e=lklPo 4 ¢ < 7.

Moreover, if €, < 7, then e~*¥lPo ¢ > 7 only for |k| < ky, where

(238) b= -tog ().

Po T—¢&r
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Thus, even though the initial roundoff error in (2.7) is amplified exponentially, it
only influences the solution in the lowest modes |k| < k.

Now compare the error (v — u) and (w — u) made in the two approximations.
For the perturbed problem without filtering, the dominant contribution to (v — u)
is due to the growth of the largest wavenumber, kynax = N/2, so that

(2.9) v —u| ~ e,.eNt/2.

The approximation fails when this error is of size O(1), which occurs when t = T; =
2log(1/e,)N~1, a time that depends on the discretization and roundoff level, rather
than on the singularity time of the continuous problem. Therefore, if N > 1, then
Ty < Tp; i.e., the solution with roundoff error but no filtering diverges from the
unperturbed solution well before the singularity time. One can see that by taking
the roundoff error €, to be exponentially small in V, this problem can be overcome.
However, without the use of special software packages, this is impossible to do in
real computations.

On the other hand, for the problem with filtering there are two sources of error.
For k < k¢, the dominant error is due to the roundoff error at the wavenumber ky;
that is,

- ket _ Er
(210) |’U) — ’LL| ~ Ep€ It = m.
This error remains small, i.e., O(g,/7), when t = Ty = pp, which is the singularity
time for the original problem. For |k| > kj, the dominant contribution to the error
comes from the smallest wavenumber k¢ 4 1 that is set to zero, i.e.,

(2.11) |w — u| ~ e~ (k1) (po—1) — (r — 5T)1—t/poe—(po—t) _ O(Tl—t/po).

This error becomes O(1) when ¢t = Ty. Putting these together, we see that |w — u|
is dominated by the error for |k| > ks, and is O(71~4/0).

These estimates for the errors show that the unfiltered problem with roundoff
is close to the exact problem for only a short time, whereas the filtered problem
is accurate almost up to the singularity time. This is precisely the behavior that
has been observed in numerical simulation of the vortex sheet problem with and
without filtering [15, 22].

Now, consider the following nonlinear modification of (2.2) Suppose that ¢ is a
small parameter, and take

m —H[na]+&4[ (o, 2),
(2.12) — 1> Mda

(a—a’)?

nk(o) — e—polkl

The choice of A[n)] is motivated by the expansion of the integral operator in the vor-
tex sheet problem given in Section 5 for the discrete case (see (5.8)). The parameter
¢ arises from rescaling the equation given small initial data. Although we cannot
write the explicit solution to (2.12), we expect that its solution remains smooth until
t = po, since € may be expected to keep the nonlinearity small. Roughly speaking,
the operator A[n] behaves like the product H[n.]-H[na] (also see Section 5). There-
fore the nonlinearity contains derivatives of the same order as the linear term. This
fact, combined with the linear ill-posedness of the equation and the nonlocal nature
of the nonlinear terms, requires the use of the abstract Cauchy-Kowalewski theo-
rem to prove existence. The abstract Cauchy-Kowalewski theorem is a fundamental
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theorem on the existence of “analytic” solutions of functional differential equations,
such as certain integro-differential equations. Actually, solutions are obtained in
certain more general Banach spaces, but we always use analytic function spaces in
this paper. For completeness, a precise statement of the continuous version of the
abstract theorem is given in Appendix 1.

To prove that solutions to (2.12) exist up to t = py, it is instructive to rewrite
(2.12) by integrating in time and using the linear integrating factor. This gives

(2.13) nnt) = ula,t) + 2 / Anl(at,t) dt,
0

where

(2.14) Al (k, t,t") = =) A[p] (&, 1)

and u is the solution to the linear equation (2.2). Thus, the linear part of the
equation is integrated exactly. The abstract Cauchy-Kowalewski theorem can then
be used to show existence of solutions to (2.13) for times arbitrarily close to pg for
e close to 0. We will use a discrete analogue of this exact integration of the linear
part of the numerical scheme when we prove the convergence of the point vortex
method for long times in Section 5.

Now, consider the case with both filtering and roundoff error. Since the equation
(2.12) is nonlinear, the mode interaction makes the analysis of the effects of filtering
and roundoff error in the equation (scheme) much more difficult than the case
where filtering and roundoff error perturb only the initial condition. Therefore,
we consider equation (2.12) with filtering and roundoff error in both the initial
condition and the equation

G = P{H[C] +eA[(] +er},

(2.15) £(0) {e"’ok tep ifelkleo o <)
k =

0 otherwise.

Again, we expect that if the roundoff error e, is small (i.e., |é.(k)| < &), then
solutions to (2.15) exist for ¢ ~ py as well. The presence of the nonlinear filter-
ing and roundoff error makes it difficult to apply the abstract Cauchy-Kowalewski
theorem directly to obtain this result. This is because additional assumptions are
required to control the effects of the filtering and roundoff error. Using the ap-
propriate assumptions, a careful mode by mode analysis shows that (2.15) does in
fact have solutions existing for ¢ arbitrarily close to py when ¢, ¢, are close to 0.
More specifically, it is shown in Sections 4 and 6 how (on the discrete level) the
assumptions of the abstract Cauchy-Kowalewski theorem, its statement, and its
proof must be modified to accomodate numerical filtering and roundoff error. The
continuous version follows analogously.

Finally, the difference n — ¢ can also be analyzed using the Cauchy-Kowalewski
theorem as follows. Let v = n — (; then

via,t) = u(a,t) —wla,t) + Fa,t)

(2.16) +e /t(g[n](oz, t, t/) — g[n —v|(a,t, t/)) ',
0



CONVERGENCE OF THE POINT VORTEX METHOD 1471

(2.17) F(k,t) = /t eFIE=t) f(k 'y at,
0
(2.18) flat) = H[C] +eA[(] — P{H[Ca] +A[¢] + e/},

where w is the solution of (2.6). Therefore, treat F' as a forcing function by using the
fact that the solution ¢ of (2.15) is smooth, appropriate properties of the nonlinear
operator A, the consistency of the nonlinear filtering operator P, and the fact that
lu — w| ~ 7'7%/P0 is smooth; then the abstract Cauchy-Kowalewski theorem can
be applied to show that smooth solutions to (2.16) exist in a slightly smaller time
interval than for either n or ¢, but that this solution is, roughly speaking, of size
71=t/Po(1 4+ ¢, /7). This result is almost optimal, because it shows that the error
1 — ¢ remains small for ¢ < pg, nearly the singularity time of the smooth solution.
The above scenario provides an outline for the approach we take to prove the
convergence of the point vortex method in the following sections of this paper.

3. VORTEX SHEETS AND MAIN RESULT

The equation governing the motion of a periodic, planar vortex sheet, with single-
signed vortex sheet strength, is called the Birkhoff-Rott equation and is given by

2* t z(a,t) — z(o!
(3.1) ddt - %M_PV/ cot <w> da,
(3.2) 2(a,0) = a+ soa),

—T

in which z(«,t) is the complex position of the interface and « is the Lagrangian
circulation variable. If the initial vortex sheet strength is not single-signed, then
the circulation variable cannot be used to parametrize the sheet, and the vortex
sheet strength must be explicitly introduced. Our analysis also applies to this case;
however we omit it here for simplicity. The explicit inclusion of the vortex sheet
strength only introduces minor modifications of the analysis presented here, since
the vortex sheet strength is time independent in the Lagrangian frame. See [16] for
details.

In (3.1) the integral is a Cauchy principal value integral, due to the singularity
at o’ = a, and * denotes the complex conjugate. The periodicity implies that

(3.3) z(a,t) = a+ s(a,t),

in which s(«,t) is 2m-periodic in « for each ¢. Since filtering can be applied only
to functions that are periodic, the operator P will be applied to s, but cannot be
directly applied to z. For simplicity of notation, however, we denote

(3.4) Pz=a+ Ps.

Denote by Z; the discrete approximation of z(c;,t), in which a; = jh = 27j/N.
Discretizing in space, leaving time continuous and applying the complex conjugation
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* yields the following semi-discrete versions of the PVM and MPVM:
. N/2 N
dz; h Zi — 2
I=—N/2+1
1#]

iz &R 5-a\
(3.6) =) cot<32 ) (MPVM).

dt 27
I=—N/2+1
I+j odd
Time discrete versions are obtained by applying any consistent time discretization.
For simplicity, we consider the Euler time discretization. Including roundoff error

and filtering, the fully discrete versions of (3.5) and (3.6) we consider are given by

N/2 - -
h -
(8.7) ZT =P - At Y cot (zﬂ 5 Zl) FAt-e, b (PVM),
m l:—N/?-&-l
I#£j j
N/2 - ~ *
(3.8) ztt=pJsm— At Z/: cot (222} L At-e (MPVM)
R 2mi 2 " ’
I=—N/2+1
I+7 odd

J
where z7 is the discrete approximation to z(ay,t,) with ¢, = nAt. The roundoff

error e, is assumed only to satisfy the bound
ler(k)| < er

uniformly in k, and is otherwise arbitrary. We refer the reader to [15, 22, 8, 14] for
additional details.
We now introduce some notation. For p > 0 and f = f(«), define a norm as
follows:
00 R
(3.9) £l =" |fxle”™,

k=—o0

where f}, is the k-th continuous Fourier coefficient of f. Assuming that || f||, is finite
is roughly equivalent to assuming that f(«) is analytic in the strip |Im(a)| < p.
Denote such analytic function spaces by B,, i.e.,

(3.10) By ={f:Ifll, < oo}
This norm will only be used in Theorem 3.1 below. All other norms in this paper
are the discrete version of (3.9) given below.
Suppose now that f is defined on the grid {o; = 27j/N} for j = —N/2 +
1,...,N/2. Then the discrete norm corresponding to (3.9) is given by
N/2

(3.11) Iflo=" > Ifule™,

k=—N/2+1

where fk is the k-th discrete Fourier coefficient of f. This is the norm in which
convergence is proven.

In the continuous case, Caflisch and Orellana [5] showed the following near-
equilibrium result.
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Theorem 3.1 (Long Time Existence; Caflisch and Orellana). Let € be sufficiently
small and z(a,0) = a + so(a), with

(3.12) 10as0llpy <€ and 50(0) = 0.

Then, there exists k > 1 such that for 0 < t < Ty = 2po/k, the Birkhoff-Rott
equation has an analytic solution z(a,t) = a + s(a,t) in which the perturbation s
continues to have 0 mean and remains of size €, i.e.,

(3.13) 10as(t, )|z <€ and 5(0,t) =0,

where p(t) = po — kt/2, and, moreover, K is arbitrarily close to 1 when € is close to
0.

For initial data in B, there may be a singularity at position o, in the complex
« plane with p, = |Im(aw)| > po. For such data, linear theory predicts that a
singularity will occur at time ¢, = 2p,. It was shown in [6] that, for & small and
for a restricted set of initial data, the nonlinear and linear solutions are nearly
identical up to and including the singularity time. Therefore, the time of existence
T} is nearly optimal.

The main result of this paper is to show that, with roundoff error and filtering,
both the PVM and the MPVM converge to the types of solutions considered by
Caflisch and Orellana for a time interval almost up to the singularity time.

Theorem 3.2 (Almost Optimal Convergence with Roundoff Error and Filtering).
Assume that z(a,t) = a + s(a,t) is a near equilibrium, periodic solution of the
Birkhoff-Rott equation satisfying (3.12) and (3.13). Suppose that Z}} is the solution
to either the PVM (3.7) or the MPVM (3.8) with simulated roundoff error and
filtering. Then, for any 0 < w < 1 there exist constants C' and c, independent of
the numerical parameters but depending on w and z(a,t), such that

1—w
(314) 2" = 2" pe) < C [At +ht H (PVM),
n sn —(1—w)po/h T Er
(3.15) ||z — Z sz(tn) <C|At+e + A + P (MPVM),

for a time interval 0 < t,, < Ts, where t, = nAt and in which
Ty = 2wpo /(1 + ¢V/e),
p2(t) = wpo — (1 +cV/e)t/2,
for e, At,h, 1= /At, and e, /7 sufficiently small. Further, 2At/h < 1.

(3.16)

Remarks. 1. Theorem 3.2 shows that the numerical solutions z7' converge to the
true solution z(aj,t,) nearly up to the singularity time if the filter level 7 and
roundoff level ¢, are treated as convergence parameters, in addition to the usual
parameters h and At. Note that since the MPVM is spectrally accurate [22], its
spatial error O(e~(1=«)Po/") is much smaller than that for the PVM, which is O(h).
The convergence proofs for the PVM and MPVM differ only in the details of the
estimates, such as the consistency estimate described above and the estimate on
the linear part of the operator. Otherwise, the proofs are identical. The differences
are pointed out in the proof as they appear.

2. Although the restriction 2At/h < 1 appears to be a Courant-Friedrichs-Lewy
condition, it actually arises in the analysis of the filtering error and is probably not
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optimal. For example, in the proof we require that the derivative of the roundoff
error satisfies |ké,. (k)| < 7/(2At). Since we assume that |é.(k)| < &, the condition
2At/h < 1 naturally arises since €, < 7.

3. One could also include roundoff error in the computation of the velocity.
Consider, for example, the following version of the PVM:

(3.17)
st = plsn — At h Ji/:? cot At ey~ ert ) +At-e
z] = = Ar T € )
4 iy 2
I#7 j

where the functions e, and €, model the effects of roundoff error in the sheet
positions and discrete velocity (cotangent sum). While this version of the PVM is
appealing because it is perhaps more realistic than the method given in (3.7), it
is significantly more difficult to analyze. Nevertheless, the techniques presented in
this paper can be adapted to prove the convergence of (3.17), although much more
restrictive, and hence less realistic, assumptions are required because of technical
difficulties in the proof.

4. The proof of Theorem 3.2 relies on two versions of the discrete Cauchy-
Kowalewski theorem, which will be presented in the next section. One version
includes the effects of numerical filtering and simulated roundoff error. In addition,
careful estimates must be obtained for the filter P and for the linear part of the
discrete operator as well as the nonlinear part. The /¢ in the theorem arises
naturally from the choice of constants in the application of the discrete Cauchy-
Kowalewski theorem.

5. If the solution is far from equilibrium, then the careful estimate on the
nonlinear part of the discrete operator breaks down. It still can be estimated,
however, but only in a way that results in short time convergence (if the true
solution is smooth).

6. The technique of proof can be used to prove similar convergence theorems for
other ill-posed problems to which the abstract Cauchy-Kowalewski theorem can be
used to prove existence of analytic solutions in the continuous (spatially and tempo-
rally) case. Such problems include Rayleigh-Taylor unstable interfaces in inviscid,
incompressible, and irrotational fluids as well as Saffman-Taylor unstable interfaces
in a Hele-Shaw cell. See [16, 20, 11, 24, 25, 1], for example. The appropriate con-
vergence proofs are then obtained by carefully analyzing the particular numerical
method in question, obtaining an error equation, and then applying the discrete
Cauchy-Kowalewski theorems to these cases. In order to be sure that the discrete
Cauchy-Kowalewski theorem can be applied, two things are important. First, it
must be possible to apply the continuous version to prove existence of analytic
solutions. Second, it must be possible to write the spatial discretization so that
it does not explicitly contain discrete derivatives of higher order than 1. This is
because the Cauchy-Kowalewski theorem applies only to first order operators. One
consequence of this is that our proof cannot be directly applied to the case with
surface tension (see [10, 2] for example), as this contains high order derivatives.
However, the problem with non-zero surface tension is in fact linearly well-posed
[2], and our analysis of Krasny filtering, presented here, combined with the conver-
gence analysis presented in [2, 3], can be used to prove convergence in that case as
well. Since surface tension regularizes the instability, one can always find a large
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but finite level of precision in which convergence in the presence of roundoff error
may be proven (at a fixed time T') without Krasny filtering. For example, in the
vortex sheet problem, one requires that the roundoff error e, satisfy a condition of
the form |é,(k)| < e=?(T)/? where o is the surface tension and p(T) is the analy-
ticity strip width at time ¢ = T". In the Hele-Shaw problem, an analogous condition
holds with o replaced by y/o. Thus, for small o, these conditions may be difficult
to satisfy, and so filtering or quadruple precision are typically used in the presence
of small surface tension (e.g., [10]).

4. THE DISCRETE CAUCHY-KOWALEWSKI THEOREM

The Cauchy-Kowalewski theorem is a fundamental theorem on the existence
of analytic solutions to partial differential equations. In its abstract form [18,
19, 21] it is applicable to integro-differential equation such as the Birkhoff-Rott
equation (3.1). The abstract form of the theorem is directly applicable to semi-
discrete equations (with continuous time), and needs only superficial modification
for equations with discrete time. For completeness, a precise statement of the
continuous time version is given in Appendix 1, although the proof of Theorem 3.2
only requires the discrete time versions given in this section.

Of course, for fully discrete equations the existence of solutions is trivial, and the
real point of the theorem is to obtain uniform bounds on the solution. A discrete
version of the theorem was proved in [8]. However, in that work the linear and
nonlinear parts were not separated and so the result is not optimal. In this section,
two versions of the discrete Cauchy-Kowalewski theorem are given. The first is a
discrete version of the strengthened formulation and simplified proof of the abstract
Cauchy-Kowalewski theorem by Safonov [21]. It has been modified to serve as a
result for estimating perturbations, as needed for the nearly optimal convergence
result with filtering. The second version modifies the first by allowing the inclusion
of simulated roundoff error and numerical filtering. Again, a nearly optimal bound
results. This is necessary for the convergence proof (presented in the next section)
by providing uniform bounds on the numerical solutions of the PVM and MPVM
with filtering and roundoff error.

Consider first the discrete equation without roundoff error and filtering

Up+1 = Luy, + AtA, [un]a

(4.1) o0,

in which u, = {u%} is a discrete function in B,. Suppose that the linear operator
L satisfies the following.

(i) L is a linear operator on B,, and there exists Ao such that for any p’ > p > 0
and any u € B, At

(4.2) [ Lullpy < flullptroae,
and, for any u € B,
(4.3) I(Z = Dully < XoAt(p" = p)~ ull,-

Suppose further that the nonlinear operator A satisfies the following assumptions:
(ii) For any 0 < p < p/ < po — AonAt, A, is a continuous mapping of
{ue By, [lull,, < R} into B,.
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(iii) For any 0 < p < p' < po — AonAt, and for any u,v € B, with |ju, < R,
ol < R,

(4.4) [An[u] = Anlo]ll, < C1(p” = p)"Hlu—vlly,

where C is a constant independent of u,v, p, p’,n. It may depend on R.
(iv) For any 0 < p < pg — AonAt

(4.5) 1A 0]]l, < K,

where K is independent of p and n.
(v) For any 0 < p < p’ < po — Xo(n + 1)At and any v € B, with |Jul|,, < R,

(4.6) [Ansalu] = An[u]ll, < Cap” — p) 7' At

where Cy is independent of p, o', u,n. It may depend on R and boundedly on At
as At — 0.

Theorem 4.1 (Discrete Cauchy-Kowalewski theorem). Suppose that L and A sat-
isfy assumptions (i)—(v) for some positive constants po, Ao, K,C1,Co and R. Then,
there is a constant A (defined explicitly below) such that for |n| < po/(AAt) the
solution un of equation (4.1) satisfies u,, € B, and

(4.7) [unllp, < R,
in which p, = po — A|n|At and X is given by
Ropi™7
A0 + R[()fz'y)’

(4.8) A =max ¢ \o(1 + &%),

8
YO+ £) + 20, 2]
for any 0 <~y <1 and Ry > Kp|.

The bound (4.7) will be used to estimate the difference between the solutions
of the Birkhoff-Rott equation and the discretized equation, in order to show con-
vergence of the discretized solutions. Note that in assumption (v), which does not
appear in the statement of the continuous version, the values of the operator A
are compared at two different discrete time values n and n 4 1. In the application
to the convergence Theorem 3.2, the n dependence of A will be due to the time
dependence of the exact solution. The proof of Theorem 4.1 is a simplified version
of the proof of Theorem 4.2 and will not be presented separately.

The time interval of existence for the linear operator L alone would be pg/Ag. If
the nonlinear operator A is small, as would be the case if the solution u were small,
then the constants C7,C5, K and R can be taken to be small. By careful choice
of these constants, the resulting value of A will be only a small perturbation of Ag;
that is, by separating the linear and nonlinear parts of the equation, we obtain a
nearly optimal time of existence.

Now consider the discrete equation with filtering and roundoff error
L9 Unt1 = P{Lv, + AtA,[v,] + Ate, },
(49) vo = given,

where P is the nonlinear projection operator defined in (2.1) with filter level 7 and
e, is the simulated roundoff error which is assumed to satisfy the bound
(vi) |é-(k)| < &, < 7/2At for all wavenumbers k.
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In this theorem, the filter level 7 is allowed to depend on the wavenumber k. This
is needed in the convergence proof for the Birkhoff-Rott equation, since the Cauchy-
Kowalewski theorem will be applied to the derivative of the original equation.

The linear operator L, in addition to satisfying (i), is also assumed to be diago-
nalized by the Fourier transform, i.e.,

(vii) Lu(k) = U(k)a(k).

The nonlinear operator A,, is assumed to satisfy assumptions (ii)—(v). Unlike the
previous case, non-zero initial data, vg, is allowed. This is because the nonlinearity
of P makes it difficult to absorb the initial data into the equation. The projection
is performed on the initial data, and it is further assumed to satisfy

(viil) Jvollpo+8 < OR and vy = Pvg, with § < 1 and for some 3 > 0.

Further, let IT be an arbitrary linear Fourier projection operator such that m(k)
is either 0 or 4(k), and set 0 < v < 1. Define the constants Ry and R; such that

(4.10) Ry 2 pg sup || Ao[Ilvo] | o,

94
P
(4.11) Ry > 2L = Dvollpo-

Note that assumptions (i), (iii), (iv) and (viii) imply that Ry > (6RC1 /5 + K)p]
and Ry > §(A\oR/B3)p] satisfy (4.10) and (4.11).

Theorem 4.2. (Discrete Cauchy-Kowalewski Theorem with Roundoff Error and
Filtering) Suppose that P is defined by (2.1) and that L, A, vy, e, and T satisfy
assumptions (1)—(viil) for some positive constants po, Ao, K,C1,Ca, R, Ra, R1,6, 3
and €. Then, there is a constant X (defined explicitly below), such that for n <
po/(AAL) the solution v, of equation (4.9) satisfies v, € B, and
(4.12) vnllp, <R,
in which pp, = po — A\|n|At and X is given by
_1 Ropy™”
Ao+ (1+ 22288y (1 — § — £2¢) 1%,
(4.13) A =max { Ag[1 + g2 21F7(1 + 22280)] 4 22,
Y
L[Cr2M(1 4 i 4 22280 20y fo 4 2e i
for any 0 < v < 1 and t = max(|n|)At. If the filter level T depends on k, then
7 =min7(k).

The bound (4.12) will be used to estimate the solution of the PVM and MPVM
with filtering and roundoff error. This requires the additional assumptions (vi)—
(viii). Furthermore, if 6 < 1 (i.e., smallness of initial condition, see (viii)) and if
gr € T, then \ given by (4.13) is close to that given by (4.8), which gives a nearly
optimal result in the case of filtering and roundoff error.

Before giving the proof of Theorem 4.2, we first prove the convergence result
stated in Theorem 3.2. The proof of Theorem 4.2 will be given in Section 6.

5. CONVERGENCE PROOF

In this section, the proof of the convergence theorem (Theorem 3.2) is presented.
We begin by using the discrete Cauchy-Kowalewski theorem (Theorem 4.2) to prove
uniform bounds for the numerical solution of the point vortex method with roundoff
error and filtering. This bound plays an important role in the convergence proof
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by providing a control on the error introduced by the filtering. We treat the PVM
and MPVM in tandem, pointing out their differences when necessary.

Define the discrete periodic function 5; by 5; = Z; — a;j, where o; = jh. Then,
in terms of 5;, the PVM and MPVM with roundoff error and filtering are

(5.1)
ho R aj—a+5 -5\
~n+1 __ ~n j — Jj — 9l
7T =P8 —At4—ﬂ__ Z cot< 5 )—l—At-eT (PVM),
I=—N/2+1

I#j j
(5.2)

N/2

st = p e o At 3 cot<o‘j_°”+sj_sl) FAt-e, b (MPVM).

J

It is convenient to expand the cotangent kernel as follows. Extend the discrete
solution 5; periodically outside the interval (—N/2+1 < j < N/2), ie., §;4n = §;.
Then, it is a straightforward computation to see that, in terms of Z; = o; 4 §; so
extended, one gets

N/2 N(M+1/2)

h 5— % h 1
53) ¢ 2 = lim —
G3) g 2 e < 2 > M5 27 2 % — &
l=—N/2+1 l=—N(M+1/2)+1
4] 1]

for the PVM (see [4] for details). We adopt the notation

" ) N(M+1/2) )
5.4 FPVM[g = — = lim — :
(5.4) i = o 25 =7 = A 2 2 % -4
I#j l=—N(M+1/2)+1
1]

The operator FMPVM ig analogously defined.

Define D to be the discrete spectral derivative, i.e., D = ik for —N/241 <
k < N/2 and periodically extended to all k. Then, it was shown in [8] that if
IDfll,y <1/2 and ||Dgl|,» < 1/2, where || - ||, is the discrete norm in (3.11), then

c

(5.5) IDE[f] = DF[glll, < - p||Df — Dylly,
where F is either FFVM or FMPVM,
We now separate the operators F¥VM and FMPVM into their linear and nonlinear
parts. Write
(5.6) FPVM _ pPVM | pPVM  yngq  pMPVM _ pMPVM 4 pMPVM,
where
(5.7) FPVM[3], — h 55— 51 and FPVM _ pPVM _ pPVM
' - T 2mi = (0 —a)? NE b

and analogously for the MPVM.
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If | D3||, < 1, then FEYM can be expanded in the series [8]

(5.8) FEVM3) Z 3 asj_—ojzmﬂ

l;égm 2

The operator Fpit' VM has an analogous expansion.

Discrete Fourier analysis can be used to analyze both the linear and the nonlinear
parts of FTVM and FMPVM_ Tp fact, FPVM ig exactly 1/2i times the trapezoidal
quadrature (omitting the singular point) of the continuous spatial derivative of the
Hilbert transform

fla ) o
5.9 o = —P V.
(59) ML) =y
applied to periodic functions (see [13]). It is not difficult to see that
k|
5.10 FPVM = — k| (1 Ll
(5.10) s (15
and
1
511 FMPVM _ = i
(5.11) Al

for —N/2+1 < k < N/2 and periodically extended to all k. See [4] for example.
This should be contrasted with the continuous case (55 H8, ), which has the symbol
2|k| for all k.

We now drop the PVM, MPVM notation and simply refer to Fy, and Fyr,. Both
the PVM and MPVM schemes can be written as

(5.12) §11 = P{5} + AtFL["]" + AtFNL[S"]" + Ate, };.
Define

(5.13) "t = Dttt

(5.14) Lo™ =v" + AtFL[v"],

(5.15) A[v"] = DFyL[D™ ™" = DFyL[5"],
(5.16) é, = De’.

Taking a discrete derivative D, i.e., D = ik, of (5.12) yields
(5.17) 0" = P{Lv" + AtA[v"] + Até,},

where P denotes the projection operator with 7 replaced by 7|k| for each Fourier
mode —N/2+1 < k < N/2. The reason for this is that D has been passed through
the original projection P. This makes the equations quasilinear.

Equation (5.17) is exactly in the form required to apply Theorem 4.2. It remains
now to verify the assumptions (i)—(viii).

(1) Since |FL| < |k|/2, for both the PVM and MPVM, we have

(5.18) [1Loll, = I+ ALFD)]llp < [[vllpat/2,
At
(5.19) (L = Doll, = At FL[o]"[l, < (0" = p)” ol

with p’ > p >0 and v € B, a2, By, as required. This shows that (i) is satisfied
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(2) We have || Afu] — A[v]||, = | DFnp[D ™ u]* — DFy[D™10]*||,. In [8], it was
shown that for the PVM if |lul, ||v]|,, < R < 1/2 then there exists a ¢ > 0 such
that

cR
0

(5.20) |DFxL[D ™ 'u]* — DFyL[D ™ ]|, <

— [lu =y,
where 0 < p < p’ and c is independent of u, v, p and p’. The analysis in [8] can be
straightforwardly extended to the case of the MPVM. This shows that (ii) and (iii)
are satisfied with C; = cR and R < 1/2.
) A[0] = 0, so that (iv) is satisfied with K = 0.

) Since A is independent of n, (v) is satisfied with Cy = 0.

) Recall that we assumed that the roundoff error |é,(k)| < e,; this implies
|é-(K)| < e, /h. So, if At/h < 1/2, then (vi) is satisfied.

(6) Condition (vii) is satisfied with I(k) = o |k|(1 — %) for the PVM and I(k) =
3-|k| for the MPVM, both appropriately extended.

(7) Now consider the initial condition. Suppose that v = Pv°. Further suppose
that |09 po+4, < € for some By > 0. This is essentially equivalent to assuming that
10050 po+8o < €. Then, (viii) is satisfied with R = ¢/d for any 0 < 6 < 1.

We are now almost ready to apply Theorem 4.2. It remains to choose Rj, R
according to (4.10) and (4.11). This is a little delicate, as we want to ensure that
the A = As resulting from the theorem is a small perturbation of \g = 1/2. One
can check that for § = 1/2 and v = 1/2, by choosing

3
(4
(5

(5.21) Rz Py
260 Bo
and requiring that e,¢/08y and ¢, be small enough, Theorem 4.2 does indeed yield
(5.22) | Ds"||5, <2e, which implies that ||5"|,, < 2,
where
(5.23) Pn = po — AgnAt

and Ay is a small perturbation of the linear result Ao = 1/2; i.e.,
(5.24) Af =1 +ece,

where c is a global constant that can be bounded independently of all the numerical
parameters. The bound (5.22) will be used to control the effect of the filtering error
in the convergence of the numerical scheme.

Now we turn to the question of the convergence of the numerical scheme. Fol-
lowing the analysis in [8], it can be shown that, for either the PVM or MPVM, the
continuous solution s7 = z(a;, nAt) — a; satisfies the discrete equation

(5.25) sTH = s 4+ AU(FLIS"]; + Fau[s™]}) + At(fR: + fi);,

where F1, and Fip, are as defined before and fR,, fi! are the temporal and spatial
consistency errors, respectively. Assuming that p(t) = po — £t/2 and ||0as(c, t)||5)
< ¢ as in Theorem 3.1, the analysis in [8] shows that with p < 5(t), the temporal
error is bounded by

ce At

(5.26) IDfRellp < @) —p)?
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for both the PVM and MPVM. The spatial error is bounded by

5.27 Dflle = =y =2y | -5
(5.27) IDfill, < B0 = e=PM/h for MPVM.

The —3 power in the estimates (5.26) and (5.27) is not of much significance and
is probably not optimal. The bound can be controlled by keeping p sufficiently
smaller then p. For example, if p < wpg — kt/2 with 0 < w < 1, then

ce h, for PVM,
p)?

ce At
5.28 Dfsille < i
( ) ” fAth = [(1 —w)po]3
and
ce h for PVM
5.29 Dfillp < r———35 7 .. :
(5.29) IDf N, < (1= w)pof? {6—(1—‘0)1’0/’1, for MPVM.

These can be made arbitrarily small, for any e, by taking At and h sufficiently
small with respect to (1 —w)pp and ce.

Define the error to be d” = s™ — 5" = 2" — 2", Letting u"t! = Dd"*! gives the
error equation

(5.30) "t = Lu" + AtA,[u"],
where L is defined as in (5.14) and the nonlinear operator A,, is given by
(5.31) Aulu") = Dfwi[s"]" — DFxils" — D™ """ + €k, +ef +¢f

and e}y, ep, €y denote the temporal, spatial, and filtering errors, respectively. They
are given by

(5.32) ex; = DfR,,
(5.33)  ep =DJT,

1
(534) 67} = A_tD[Lgn + AtFnr, [§n] - P{Lgn + AtFNL[gn] + At@r}]*.

Consequently, equation (5.30) is exactly in the form to which Theorem 4.1 may
be applied once conditions (i)—(v) are verified. This is what we do next.

(1) Equations (5.18) and (5.19) ensure that (i) is satisfied with A\g =max(As, k/2),
since both Ay and /2 are larger than 1/2. We need Ao > £/2 to control the
discretization errors, as seen above, and we need Ag > Af to control the filtering
error. This will be made apparent below when we verify (iv).

(2) Suppose that 0 < w < 1 and 0 < p < p’ < wpg — A\onAt, with Ay as above.
Suppose that |[ul,, [|[v]|,, < R and [|0as"|y <€ and R < e < 1/2. Then

[Anfu] = An[v]ll, = | DFxp[s" — D™ 'u]* — DFi[s" — D™,

(5.35) _ e

=y
This follows from the analysis in [8], and shows that (ii) and (iii) are satisfied with
Ci=ccand R<e<1/2

(3) Consider ||A,[0]]|,. We have the estimate
(5.36) [An[0]lp < ll€Xello + llenllo + llefl,-

lu = ol
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For 0 < p < wpg — AgnAt, (5.28) and (5.29) show that

ce At+h for PVM
5.37 A +llenlly, £ —————= - ' ’
( ) ||6AtHP ”eh”P — [(1 _ w)pO]B {At + e—(l—w)po/h’ for MPVM .

It now remains to estimate the filtering error €. For this, we use the following
two lemmas, which show that P is consistent both with and without roundoff error.

Lemma 5.1 (Consistency Property of P). Let 0 < p < p' and assume that f €
B, . Then

(5.38) I = P)fll, < IFIE7 24 07"+ (o = p) et o7
If 7 = 7(k), then 7 = maxy |7(k)| in (5.38).

Lemma 5.2 (Filtering with Roundoff Error). Let 0 < p < p’ and assume that
f € By. Let e, represent simulated roundoff error, with |é,(k)| < e, < 7/2 for all
k. Two estimates on the filtering in the presence of roundoff error are the following:

p/p’
639 1r( e =il < 5 (M) wog (W) - parp

(540)  [P(f +er) = PFlly < S0+ (0 = ) I + 418 = Por Sl

in which Py, is the filtering operator of (2.1) with T replaced by 27. If 7 = 7(k),
then in the above T = ming |7(k)|, except in the projections where the dependence
of T on k is kept.

A third lemma, which we present but do not actually use, shows the sense in
which P is a stable operator.

Lemma 5.3 (Stability Property of P). Let 0 < p < p’ and assume that f € By
and g € B,. Then

(5.41) 1Pf — Pglly < If = gllo + 1127 2+ p 4 (o — p) ")t r/?,
If T = 7(k), then T = maxy, 7(k) in (5.41).

The proofs of these three lemmas are given in Appendix 2.
Now, estimate €} by

(5.42)
leslly < 5706 = )7 T = PYZS" + AtFxe 5]

1
+ E(p’ — p) HIP(LE™ + AtFnp,[3"]) — P(L3™ + AtFai[3"] + Ate,) | -

As we have seen by applying Theorem 4.2 to the discrete filtered equation, §™
satisfies the uniform bound

(5.43) 15715 < 2¢

with p < po — ApnAt, where A\ = 1/2 + ce. Then, by restricting p and p’ in (5.42)
by 0 < p < p' < wpy — ApnAt, Lemmas 5.1 and 5.2, together with the estimates
(5.18)—(5.20), can be applied to show that

1—w Ep
(5.44) lesll < cue (T + ).

At T
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Putting everything together shows that (iv) is satisfied with

Fl=w o

K=coe(At+h =) ey,
cs( ++At+r)( )

1—w
K = cye <At + e(t=wlpo/h 4. % + 57) (MPVM).

Again, ¢, is a generic constant depending only on w and z(a, t).
(5) Finally, it remains to show that (v) is satisfied. We have

Ani1u] — An[u] = DFNL[s" " — DFyy[s" T — D™ t]*
(5.45) — DFNL[s"]* + DFxi[s" — D™ u)*
+ (extt —eRy) + (et —ep) + (e?'H —e}).
It is not difficult to show that
(5.46) [(ef™™ +ef) + (eft —ep) + (e}hLl —ef)l, < AtK

for p < wpg — AoAt, with K defined as above but with a redefined constant c,,. The
estimate of the remaining terms in (5.45) is more subtle.
The obvious estimate of these terms is

|DFxp[s" T — DFp[s" — D™ '] — DFxy[s"] + DEni[s™ — D™,
< |DFnL[s" '] = DFxi[s"]|l,

(5.47) + |DFxi[s" — D7) — DFy[s" — D',
c n n
< p,_plle = Ds"||
(5.48) < Cfm
p=p

for p < p’ <wpy — Ao(n + 1)At, provided that ||ul|,, < R < 1/2. We have further
used the inequality || D(s" T —s")|, < ceAt, and c is a generic constant. Combining
(5.48) with (5.46) shows that

co, At
(5.49) [Antafu] — Anfu]fl, < = p[€ + poK].

This suggests that (v) is satisfied with C2 = ¢, [e+poK]. It turns out, however, that
this estimate is not sufficient to obtain convergence. The reason is the following.
When Theorem 4.1 is applied to the error equation (5.30), the result is that the
error |[u™*||, < R for p < wpo—A(n+1)At. To obtain convergence, it is necessary
that R — 0 as the numerical parameters — 0. An optimal result is obtained by
having A be a small perturbation of Ag. The actual value of X is given in (4.8)
of Theorem 4.1. Note that A depends on the quantities po, v, Ao, Ro/R, R/Ro and
C3/Rp. An optimal X requires the ratios Ryo/R, R/Ry and C2/Ry to be small,
even in the limit as the numerical parameters — 0. Since R — 0 in this limit, in
order for the ratios to be well-defined, we must have Ry — 0, which implies that
Cy — 0 in this limit as well. However, the value of C5 we obtained above does not
vanish in the limit, because the first term depends on e, which is independent of
the numerical parameters. Thus, an optimal result is not obtained using this value
of CQ.

This difficulty arises because the terms involving u and s"1, s™ have been han-
dled in (5.47) and (5.48) so that the dependence on u (the error) is removed. It
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is exactly this dependence that is required for Co — 0. It turns out that if the
estimate is not broken up as in (5.47), then the highest order terms involving s"*1
and s" cancel and only cross terms involving u and s"*! — s™ remain! This shows
that Cs in fact — 0 as the numerical parameters vanish. The following lemma
summarizes the result.

Lemma 5.4 (Time Difference of Nonlinear Operator). Let ||ul|, < R and || Df||,,
|IDgll, < R with R < R < 1/3. Then

(5.50) || Fnw[f] = Faulf — D™ u] = Fawlg] + Fawlg — D™']ll, < eR[ID(f = g)ll,-
The constant ¢ is independent of f,g and u.

The proof uses discrete Fourier analysis to obtain the explicit cancellation, and
will be presented in Appendix 3.
Applying Lemma 5.4 with f = s"*! and g = s™ to (5.45) gives

Cc

(5.51) [Ansalu] = Anfulll, < [RID(s"*" = s™)llyr + Atpo K],

where p < p’ <wpo — A(n + 1)At, [Jull,, < R and ||Ds|5) < e. Using (5.25) and
the analyticity of the smooth solution s, it is straightforward to show that [8]

(5.52) | D(s"* — s™)||,r < ceAt.
Using (5.52) and (5.51) gives

/

At
(5.53) [An1[u] = An[ulll, < m[ch + poK].

This shows that (v) is satisfied with Co = c¢Re + K, which — 0 as the numerical
parameters vanish, provided that K — 0. Requiring that K — 0 places obvious
constraints on how the numerical parameters may be taken to 0.

We are now almost ready to apply Theorem 4.1. It remains to determine R, Ry
and v. It is natural to take

(5.54) v =w.

As in the filtering case, the choices of R and R are a little delicate, since we want
to ensure both that the method converges (i.e., R — 0) and that the resulting A is
a small perturbation of Ag. One can check that if we take

(5.55) Ro=Kp§/vVe and R=K/ew

and require K/(ew) < 1/2 together with the appropriate smallness conditions on
At, h, T, &, then Theorem 4.1 yields

1—w
5.56) || D(s™! — g+l <% (Aatvn+’ ) (pvM
(5:56) D ), < (arene T2 ey,
1—w

n ~n Cw —w h T Er
(5.57) [ D(s™! = 5", p0 < o (At‘F ellmlpo/l 4 R 7) (MPVM),
where
(5.58) i1 =wpo — An+1)At and A =1/2+c,\/z

since Ao = max(Ay, k/2) = 1/2 + ce for some c. Finally, since ||s" T — "1, . <

| D(s"+t — 5" t1)||,. ., this completes the proof of Theorem 3.2, which is the main
result of this work.
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6. PROOF OF THE DISCRETE CAUCHY-KOWALEWSKI THEOREM
WITH ROUNDOFF ERROR AND FILTERING

In this section, the proof of Theorem 4.2 is presented. This theorem provides
uniform bounds for the numerical solution taking into account roundoff error and
filtering. The proof of Theorem 4.2 is performed by carefully estimating each
wavenumber separately and using induction.

Since the projection is applied to the right hand side of (4.9), the nth iterate v,
satisfies

(6.1) [On (k)| > 7 or O,(k)=0.
This implies that there are three cases for the next iterate:

(a) Ony1(k) =0,

(b) |On41(k)| > 7 and v, (k) = 0,

(€) |on41(k)| > 7 and |0, (k)| > 7.

Cases (b) and (c¢) can be used to estimate the size of the Fourier coefficients of
the roundoff error in terms of the nonlinear term A, and the previous iterate vy,
respectively. Consider (b) first. This implies that
(6.2) | Apfon (k) + én(k)| > 7/At.

Further, assumption (vi) implies that

(6.3) | A [0a)(B)] > =

2At°
Again using (vi), this implies that
2e,. At

T

(6.4) 6. (k)| < A [va] (k)]

For case (c), it is straightforward to see that
N Er .
(6.5) ler (k)] < —[on (k)]

These bounds will be important in the proof.

Now, let 0 < v < 1, let II be a linear Fourier projection operator as described
above, let m < mn, let X be as in (4.13), and let Ry, Ry be as in (4.10) and (4.11).
Further, let p be such that

(6.6) 0 < p < po— AmAL.

Suppose, by way of induction, that

(6.7) [vmll, < R,
(6.8) (po — p — mA) || A [T, < R,
(6.9) (po = p = AmA)T||(L — Dvm |, < At - Ry

for any Fourier filter II. It is straightforward to see that (6.7)—(6.9) hold at m =0
by assumption (viii) on the initial data and the definitions of Rs and R;. The proof
will be complete when it is shown that (6.7)—(6.9) hold for m = n + 1.

The bound (6.7) will be established first. For each wavenumber k, define my, to
be the largest integer such that

(6.10) 0<mr<n+1 and op,(k)=0.
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On the other hand, if

(6.11) O (k) 0 forall0 <m <n+1,

then set my = 0. Given my, the solution v, 41 can be written as follows:

(6.12) g1 (k) = D> 1Oy — i) + 1" Gy,
m=myp

where L = 1. Roughly speaking, mj measures the amount of time a mode is
inactive. Note that if my # 0, then the last term in (6.12) vanishes. Each Fourier
mode of v, 41 will be estimated separately to establish (6.7). In this analysis, the
effect of the filter P will be written out explicitly, so that the nonlinearity of P can
be handled. There are now two cases to consider.

Case 1. 0p41(k) = 0. In this case, the bound is trivial.

Case 2. |0,+1(k)| > 7. Estimate each term in (6.12). Since |0,,41(k)| > 7, then
the filter has no effect and the equation for 0,41 is

~

(6.13) U1 = L0m + At(Ap [vm] + ér).

Consider first the subcase n > m > my or n > m > my if my = 0. This implies
that

(6.14) [0 (B)| > T,

since otherwise the solutions would be set equal to zero by the filter. Therefore,
case (c) applies, to give

—

[Oma1 — 1Om| < At([Ap [vm]] + [é-])
(6.15) e
< At(|Am [vm]] + ?lvml)
Now, consider the subcase m = my with my # 0. This implies that
(6.16) [Omysr| >7 and 0, =0,
which is exactly case (b). This implies that

B — LOme | < AL Ay [V, ]| + 20])
2e,. At , —
) 1 ol

Finally, it remains to consider the term ¥,,,. If mi = 0, then this term is equal to
0. Otherwise, it is 99. This completes the analysis of Case 2.

(6.17)

<ar(1+

Now, combining the two cases and (6.12), (6.15) and (6.17), an overestimate for
(6.12) is obtained:

(6.18)

. N, 2e, At
a0l < ae Y (14
m=0

T

) A lond®)] + o] + 100,

If we recall that the p-norm is given by

(6.19) loll, = eMa(k)],

k
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then (6.18) implies that

(6.20)
. 2€TAt n—m Er n—m n
ol < a0 Y | (14 ZBY ol 4 ZNE 0] + 1l
m=0
2 2e,. At o
< +At Z |:(1 + - ) ||Am[vm]||p+)\o(n—m)At + ?va||P+)\o(n—m)At:|
m=0

+ ||”0||p+>\o(n+1)Atv
using assumption (i). Let p < p,, = po—AnAt. Since A > Ao, then p+Ag(n—m)At <
po — AmAt for m < n. So, the induction hypothesis (6.8) implies that

Ry

po — (p+ Xo(n — m)At) — AmAt]Y”
Writing A = Ag + A’ and using (6.21) and the induction hypothesis (6.7) in (6.20)
gives
(6.22)

2e,. At " 1 €
il < (14 2220 ) RoAe 0+ —t) R,
||v+1||p( = ) P DY e v rr R G

(6.21) [ Am[om]ll 20 (n—m)at < [

m=0

in which ¢ = nAt, where we have also used assumption (viii). Estimate the sum in
(6.22) by the integral inequality

n 1 nAt
At Z < / (po — p — AonAt — XN't)~V dt
— p— XnAt — NmAt)Y —
(623  m=0 (Po—p— Ao ) 0
1—y
Po
TN =7)

Now, using (6.23) in (6.22) gives

2, At\ Ropy " Er

. n < — .
(6.24) vnsll, (1+ )X(l_w+(5+ Tt)R
Therefore, since

2e,. At er N\~ Rop'™?

6.25 N=X=X>|(1 1—6——t —_—
(6:25) 0= < + T ) ( T ) R(1—7)
by (4.13), the estimate
(6.26) lonsll, < R

is proved. Since pp,+1 < pn, this proves the induction hypothesis (6.7) for m = n+1,
and in fact proves the theorem once the n+ 1 induction step is proved for (6.8) and
(6.9).

So we turn to the proof of (6.8) for m = n + 1. Begin by defining p’ to be
(6.27) p' = 3(po — AnAt + p)
for any p. Thus,

(6.28) 0<p<po—An+1)At=p<p < po— AnAt.



1488 RUSSEL E. CAFLISCH, THOMAS Y. HOU, AND JOHN LOWENGRUB

Further, for any Fourier projection II define the Fourier projections 1,11 and IT’
by

~ 0 if 9,41 =0,
6.29 I, =
( ) i {1 otherwise,
(6.30) II' =1L, 4,11

Since p' < pn, (6.26) implies that ||v,41]l,, < R. Thus we may apply (v), as well
as (iii) and the induction hypothesis (6.8) for II' on v, to obtain
[ Ant1[Mvp ]l = ||An+1[H/vn+l]||P

< HAH[H/UH]HP + [[An1 [T vp 1] — An[H/Un-i—l]Hp

(6'31) + HAH[H/Un-H] - An[H/Un]Hp
C'l OQAt

< [ An[Tv]|l, + m”ﬂ/vnﬂ — v, |r + s
The middle term is handled by estimating each Fourier mode separately as follows.
There are two cases.

Case 1. ¥p,41(k) = 0. By the definition of II, this implies that
(6.32) 1011 (k) — o (k) =0,
so the bound is trivial.

Case 2. ¥p11(k) # 0. This implies that |0,41(k)| > 7, so that

(6.33) a1 (k) = 1on (k) + AtA, [vn] (k) + Atén (k).
For such k,

The roundoff error é,.(k) is estimated by combining cases (b) and (c) to give
~ Er /ia a
(6.35) ler (k)] < —([on (k)] + 248 An[vn] (K)])-
Now, combine (6.34) and (6.35) and use the linearity of II' to estimate the middle
term in (6.31) by
||Hlvn+l - Hlvn”p’ < an-i-l - Uan/

2e,. At
T

(6.36) er At

) Valslly + ==l

< (L = Dvy||y + At (1+

This completes the analysis of Case 2.

Applying the induction hypotheses (6.7)—(6.9) and the two cases with the defi-
nition of p’ from (6.27) to (6.31) we get

(6.37)
[Ant1[Mvpia]llp < Ra(po — p — AnAt)™"
2e,. At 1
+ | Ch R+ 2CAt| (pg — p — AnAt)
T

2e,. At

+ AtC 2M [Rl + (1 + ) R2:| (po — p— AnAt)~177.
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Now, another integral inequality implies that
(6.38)

(po = p— A+ 1A > (po — p = AnAL) ™7 + yAAL(po — p — AnAt) =17,
Using (6.38) in (6.37) and the inequality

2e,A 7 2¢, Rp?
(6.39) > oot (B (1 2R o0 Py o 2 B
Rz T Rz T Rz

as guaranteed by (4.13), yields the bound
(6.40) (b0 — p = Al + DAY | Ay [Tonsa]ll, < Ro

with 0 < p < po — A(n + 1)At¢. This proves the n + 1 induction step for (6.8).
It now remains to prove (6.9) for m = n+1. Again, we estimate each wavenumber
individually. As before, there are two cases.

Case 1. 0p11(k) = 0. This implies that ({—1)0,+1(k) = 0, and the bound is trivial.
Case 2. 0p11(k) # 0. As before, this implies that

(6.41) Byt (k) = lon (k) + AtA, [v,] (k) + Até, (k).

This implies that

—

(6.42) (I —1)0py1(k) = (I — 1)lop (k) + At(l — 1) Anfvn] (k) + At(l — 1)é, (k).
Now, using (b) and (c¢) gives the bound
(6.43)
(I = D)ong1 (k)| < |(1 = 1)lon (k)]
25TAt) — er At

(= D) An[va] (k)] +

+ At <1 + [(1 = 1)0, (k).

-
This completes the analysis of Case 2.

Combining Cases 1 and 2, the induction hypotheses, assumption (i) and the
definition of p’ gives us the bound

(6.44)
e, At?

T

) (po — p— AnAt)~177,

(L = Dvnsallp < AtRi(po — p — (An + Ao)At)™7 +
2e,. At

T

Ri(po — p — AnAt)™7

+ AP NgRy21HY <1 +

Another integral inequality gives
(b0 — p— A(n + 1)AD™ > (po — p— (An+ Ag)At) ™7

+ Aty(A = Xo)(po — p— (An + Ag)At) ™77,
Thus, using (6.45) in (6.44) as well as the fact that

AR 2e, At r
(6.46) A> Ao + 072 <1+ c >2v+1+—8 P0,
vRy T YT

(6.45)

as guaranteed by (4.13), we get the bound
(6.47) (po = p = A+ DAYT(L = DNonyall, < At - Ry

with 0 < p < po — A(n + 1)At. This proves the n + 1 induction step for (6.9) and
completes the proof of Theorem 4.2.
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7. APPENDIX 1: ABSTRACT CAUCHY-KOWALEWSKI THEOREM,
CONTINUOUS VERSION

In this appendix, a time continuous version of the abstract Cauchy-Kowalewski
theorem is presented. This version is a modification of the strengthened formulation
of Safonov [21] and is specialized for perturbative problems. See also [18, 19, 7].
Consider the equation

(7.1) w(ant) = ¢ /0 Niul(a, t, ) dt’.

Let B, be a family of Banach spaces for 0 < p < pg with norm || - ||, such that
B, C B, and ||u||, < |Jull,r for 0 < p < p’. Suppose that N satisfies the following
assumptions:

(A) For any 0 < p < p/ < po — Aot and t >/,

(7.2) INTulCot, ) o < INTu)C )l gt roe—e

where N is a continuous mapping from {u € B, ||u||,» < R} into B,.

Moreover, N satisfies

(B) For any 0 < p < p’ < po — Aot and for any w,v with uw,v € B, and
llullp, [Jv|l,» < R, there exists a constant C' such that

(7.3) [NTu] () = N[v](- 1)l < - lu =l
where C is independent of u, v, p, o/, t.
(C) Finally, suppose that N[0](«, t) is a continuous function of ¢ for 0 < ¢ < pg/Ao

with values in B, for p < pg such that
(7.4) NI t)llp < K
for p < po — Aot and some K independent of ¢ and p.

Theorem 7.1 (Abstract Cauchy-Kowalewski Theorem). For any R, K,C,po, Ao
and 0 < B < 1 such that (A)—(C) are satisfied, there exist X and a unique so-
lution u to (7.1) such that

(7.5) ull, <R
for 0 < p < po— At and

sRopé_B 2+5C¢
7.6 A= A+ —=——",A+2"—
(7.6) maX{O+R(1—ﬁ)’ o+ (0

where Ry > Kp{ and C' is the constant in assumption (B).

The proof of Theorem 7.1 closely follows that presented in [21], and we do not
give it here.

Finally, this theorem can be applied to the nonlinear model problems (2.13) and
(2.16) to show existence of solutions as follows. Take the analytic norm

(7.7) 11 =D ™| fil
k

and differentiate (2.13) and (2.16) to obtain the equations in quasi-linear form.
Further, shift the solutions by u and uw —w + F', respectively. That is, take the new
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variable x = 14 — uq for (2.13) and x = V4 — uq + we — F,, for (2.16). In addition,
suppose that the mean of the initial data 7(0,¢) and v(0,¢) is exactly 0. Then,

(7.8) Nlx] = 0, A[05 x + u], where 97 'y =1 —u,
for (2.13) and
(7.9) N[X] = 0,410 x +u—w+ F), where d;'x =v—u+w—F,

for (2.16). Then, it can be shown that assumptions (A)—(C) are satisfied for some
R, C, K and with pg replaced by 71 pp for (2.13) and 20 for (2.16), where 0 < 71 <
~v3 < 1. The reason for this is that the initial conditions given for these equations
in Section 2 are in B, for p < po, i.e., n(0) = e~7°!*l is not in B,,,.
8. APPENDIX 2: PROOF OF FILTERING LEMMAS
In this section, the proofs of Lemmas 5.1-5.3 are given.

Proof of Lemma 5.1. By the definition of P, we have

—~— ([ fu, if|fu] <,
(8.1) (1-P)f, = {ok if |f],:| > T

To bound |fi| when [fi] < 7, use |fu| < [[fll e ?Fl if e=?'* < & (ie., if
llogol|/p < |k|), and use |fi| < 7 if ¢ < e PI¥ (ie., if |logo|/p’ > |k|). It
follows that

=Pl < S fale™

| fel<T
< Y Ul g ST el
(8.2) |log o|/p’ < K| |k|<|logal|/p’
a” pntl — 1
< /
_”f”P 1_a+T b—1

<N fllpo™ =P (L4 (0" = p) )+ 7o (14 p7h),
in which
(8.3) n=|logal/p, o= =), b or

Choose 0 = 7/||f|,, to obtain

(8:4) (= P)fllp < @+p7" 4 (0 = p) OIS 707
This proves Lemma 5.1. If 7 = 7(k), then in the above 7 = maxy, 7(k).

Proof of Lemma 5.2. Decompose the sum |P(f + e,) — Pf||, into three parts, as

|P(f +er) = Pfll,
(8.5)

AN

= X+ >+ X ep|k||P/(f+\w)(k)—Pf(k)|-

|fel>27  |fel<r/2  7/2<|frl<2r
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—_— AN . —_— AN
In the first sum, p(f 4 e, (k) = p (k) = éx(k), so that |P(f + eT)(k)—pf(k)| <
&r. Moreover, 27 < |fi| < ||fll e ¥, so that |k| < k; = % log(|| fll,/27). Thus

— AN ’
Y. MUp(s 4 e k) = pr)l <er D (IFl/20)
(8.6) | fi|>27 ki

< %(Ilfllpf/%)”/p/ log (|| fll,/27)-

A cruder bound on this sum is

Er R Er —(p'—
Z ellFle, < ;Ze”‘k‘lfkl < E”f”p, Ze (0" =p)Ikl
(8.7) | fil>27
€
<1+ —pt .
< 5 A+ =) )fl,
—_— AN
In the second sum, P(f + er)(k) = Pf(k) = 0. Thus, it contributes nothing.
AN

—_—
In the third sum, a straightforward argument shows that | P(f+ e )(k)—p f(k:)| <
27 < 4|fi| = 4/(f — Por f)(K)|. Thus

(8.8) > <Alf - Porfllp

T/2<| frl<2T

This proves Lemma 5.2. If 7 = 7(k), then in the above 7 = miny 7(k) except in
the projection, where the dependence of 7 upon k is kept.

Proof of Lemma 5.3. Decompose the norm ||Pf — Pg|| into four parts, as

IPf = Pgll, = |Pf = PgllV +[|Pf — Pyl

(8.9)
+|Pf—Pg||¥) + | Pf - Pg|(V
in which
(.10) 1Pf—Pgll® = S [pfik) - py(k)le™
keEK;

with

Ky ={k:|f(k)] >7,19(k)| > 7]},

Ky = {k:|f(k)] <, 1gk)| < 7l},
(8.11)

Ks = {k: [f(k)] <7 1g(k)| > 7l},

Ky ={k: |f(k)] > 7, |a(k)| < 7}
For k € K5, we have Pf = f and Pg = g, so that

(8.12) 1Pf = Pylls” =11 — gllf".



CONVERGENCE OF THE POINT VORTEX METHOD 1493

For k € Ky, we have Pf =0 and Pg = 0, so that

(8.13) |Pf—Pg||(¥ = 0.

For k € K3, we have Pf =0 and Pg = g, so that

1Pf—Pgl =Nl <IIf =gl + I1f = PfIS
(8.14)

<N =gl + (AU @+ pt + (o = p) et =7

For k € K4, we have
(8.15) IPf = Pgll$? = I £l = S + S,

in which S is the sum over k € K4 satisfying e~ Pk < 5 and S5 is the sum over k €
K satisfying e~ #'IFl > o If k € K, and |k| > |logo|/p/, then | f(k)| < ||f||(pz,l)e_p/|’CI
and

S < ||f||f;}> Z e~ (p=p)Ik|
(8.16) [k|> | log o /o

<151+ (o = p) "ot e/

Similarly, for k € K, we have e *'I¥l > o (and 7 > |§x|), so that

Sp < > (|fe = gic| + )er™

e K > 0,7 |

(8.17) <If-glP+r 3 e
|k|<|logo|/p’

<If = gllg?) + 7o/ (14 p7H).
Choose 0 = T/||f||§;l) as above, to obtain

(818)  [|Pf = Pgll$V < [If = gll$) + 2+ p7* + (0" = p) OIS e

Combine these four sums together to obtain Lemma 5.3. If 7 = 7(k), then in
the above 7 = maxy, 7(k).

9. APPENDIX 3: PROOF OF TIME DIFFERENCE
OF A NONLINEAR OPERATOR

In this section, Lemma 5.4 is proved by explicitly analyzing the discrete Fourier
transform of the nonlinear operator. We begin by writing

(9-1) Enulf] = ) (D)™ F (£,
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where

h m
(9 R = 57 et
l

using the PVM. Since analogous expressions can obtained for the MPVM, we focus
on the PVM here. A straightforward computation shows that

AN

(9.3) FNL[f]k_ Z (ka) (k1,. .. km, k),

ki+-+km=Ek

where

. 1— €ZkTal
9.4 I(ky, ..., kn, k .
(94) (1, " 2mi Z a H < >
1#0 r=1
Using the analysis presented in [8], it is straightforward to show that
(9.5) (k- ko ) < [ enl
r=1
where c is independent of all k. and m. Consequently, one gets

/F\NL[f]k _/F\NL [f - U]k _/F\NL [g]k +/F\NL [g - v]k

(9.6) = Y (ki k)
' R
I 7e. = TT (e — 00 = T 9% + [ ] Gk, — 65,
r=1 r=1 r=1 r=1

It is clear now that the terms [1™ fi., 1"y 9%, [1~, O, cancel in the bracketed
term on the RHS of (9.6), leaving only the cross terms remaining. For example, if
m = 2, this yields

(97) ﬁkz (f glﬂ) +UI€1 (f gkz)

and for m = 3 one gets

ﬁkssz (fkl gkl) + Ukagkl (f gkz) Uklvk2 (f gks)

(98) + ’[)k1 (sz - gk2)(f - Uka) + Ukl gk2 (f gks)

+’0k2[(fk1 _gkl)(fks - f]ks) +gk1(fks - gka)]

The higher order terms are handled analogously, and, after tedious computation,
exact formulae can be obtained.
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Now, using (9.5) and (9.7), one gets

[ FNL[f] = ENL[f — o] = Frulg] + Falg — o,

<ey e N lkatn ko (frs — G)| + ThoOrs [Fr (fry = G00)]

|| k1+ho=F

+> 0. T, |
k]

< 2¢| Dol|, | D(f = 9l + D "™ H.O.T ],
||
where H. O.T. stands for the higher order terms. A straightforward but /tsdious
computation shows that if |[Dv||, < R and || Df|,, |Df|, < R with R < RrR<3,

then the H. O.T. are estimated by

(9.10)

> eHIH.O.T.| < e DFILID(f = 9, Y B *[20m = 1) + (m +3)2™ 7
k| m=3

< e[ D] | D(f = g)ll s

where c is independent of v, f, g, since

- m—2 _ m m—2 R E+6 2
(9.11) mZISR 2(m = 1) + (m +3)2" 7] < R 1—R)2  (1-2h)

Finally, putting (9.9) together with (9.10) and (9.11) proves Lemma 5.4.
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