EXPONENTIAL RUNGE-KUTTA METHODS FOR STIFF KINETIC
EQUATIONS
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Abstract. We introduce a class of exponential Runge-Kutta integration methods for kinetic equations. The
methods are based on a decomposition of the collision operator into an equilibrium and a non equilibrium part
and are exact for relaxation operators of BGK type. For Boltzmann type kinetic equations they work uniformly
for a wide range of relaxation times and avoid the solution of nonlinear systems of equations even in stiff regimes.
We give sufficient conditions in order that such methods are unconditionally asymptotically stable and asymptotic
preserving. Such stability properties are essential to guarantee the correct asymptotic behavior for small relaxation
times. The methods also offer favorable properties such as nonnegativity of the solution and entropy inequality.
For this reason, as we will show, the methods are suitable both for deterministic as well as probabilistic numerical
techniques.
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1. Introduction. The numerical solution of the Boltzmann equation close to fluid regimes
represents a major computational challenge in rarefied gas dynamics. In such regimes, in fact, the
mean free path becomes very small and standard computational approaches lose their efficiency
due to the necessity of using very small time steps in deterministic schemes or, equivalently, a large
number of collisions in probabilistic approaches. Several authors have tackled the problem in the
past, and there is a large literature on the subject (see [2, 4, 10, 16, 14, 36] and the references
therein). Most standard techniques are based on domain-decomposition strategies and/or model
reduction asymptotic methods. The direct time discretization of the Boltzmann equation, in fact,
represents a challenge in such stiff regimes due to the high dimensionality and the nonlinearity of
the collision operator which makes unpractical the use of implicit solvers. Exponential methods,
like the so-called time relaxed discretizations [16], combined with splitting strategies represent one
possible way to overcome the problem. However, as discussed in various papers, the choice of the
Maxwellian equilibrium truncation in the schemes was based more on physical considerations than
on a direct mathematical derivation and it is an open problem to determine an optimal truncation
criteria [5, 32]). Despite this, these discretizations have been applied with success both in the
context of spectral methods as well as Monte Carlo methods [15, 31].

In this paper we propose a class of exponential integrators [21, 22] for the homogeneous Boltz-
mann equation and related kinetic equations which are based on explicit Runge-Kutta methods.
The main advantage of the approach here proposed is that it works uniformly for a wide range of
Knudsen numbers and avoids the solution of nonlinear systems of equations even in stiff regimes.
Similarly to [16], we derive sufficient conditions such that the resulting schemes can be represented
as well as convex combinations of density functions including a Maxwellian term. This property is
essential to achieve nonnegativity, physical conservations and entropy inequality.

The starting point is the use of classical time spitting together with a decomposition of the
gain term of the collision operator into an equilibrium and a non equilibrium part. Similar de-
compositions for the distribution function has been used in [2] to derive unconditionally stable
schemes and in [30, 9, 13, 12] to develop hybrid Monte Carlo methods for kinetic equations. This
decomposition of the Boltzmann integral has been introduced recently by Jin and Filbet [14] as a
penalization method by a BGK-type relaxation operator to derive Implicit-Explicit Runge-Kutta
schemes that overcome the stiffness of the full nonlinear collision operator. We recall that analo-
gous penalization techniques based on linearized operators were previously used in the context of
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exponential methods for parabolic equations with applications to the Schrédinger equation [21, 22]
and for kinetic equations [28, 16]. In particular, in the present paper, we will show that for space
homogeneous equations the Maxwellian truncation criteria introduced in [16] is equivalent to the
penalization method in [14]. Let us mention that a study of the accuracy property of splitting
methods in stiff regimes is beyond the scopes of the present paper.

Even if we develop our schemes using the Boltzmann equation as a prototype model for its
intrinsic difficulties and its relevance in applications, the methods applies to any large system of
stiff ordinary differential equations of the form

Y= ZR(Y), Y(to) =Y (L1)
where ¢ > 0 is a small parameter, Y € RY and the non-linear operator R(Y) is a dissipative
relaxation operator as in [7]. Such operator is endowed with a n x N matrix @ of rank n < N such
that QR(Y) = 0, VY. This gives a vector of n conserved quantities y = QY. Solutions which
belong to the kernel of the operator R(Y') = 0 are uniquely determined by the conserved quantities
Y = E(y) and characterize the manifold of local equilibria. Important examples of such dissipative
relaxation operators arise in discrete kinetic theory, shallow water equations, granular gases, traffic
flows and in general in finite difference/volume discretizations of several kinetic equations.

The methods here proposed use the following decomposition [14]

RY)=NY)+AE(y) —-Y), (1.2)

where N(Y) represents the non-dissipative non-linear part, A > 0 is an estimate of the Jacobian
of R evaluated at equilibrium and E(y) — Y is a simple dissipative linear relaxation operator. Note
that, at variance with standard linearization techniques which operate on the short time scale, the
operator is linearized on the asymptotically large time scale.

This decomposition permits to apply exponential techniques which solve exactly the linear part
and are explicit in the non-linear part. The use of such techniques, as we will see, is essential in order
to achieve some unconditional stability properties of the numerical schemes [29]. Such properties
are usually characterized as unconditional asymptotic stability and asymptotic preservation.

Here we derive sufficient conditions for asymptotic stability and asymptotic preservation. This
permits to introduce asymptotically stable and asymptotic preserving methods up to order 4 which
are exact for BGK-type kinetic equations.

The rest of the paper is organized as follows. First in Section 2 we present the Boltzmann
equation and its fluid-dynamic limit. Operator splitting methods and various notions of stability
are illustrated in Section 3. Next, in Section 4, we introduce the explicit exponential Runge-Kutta
methods and derive conditions for asymptotic stability and asymptotic preservation. Examples of
methods up to order 4 are also constructed. In Section 5 we describe numerical experiments for
homogeneous problems and one application to the full Boltzmann equation. In a final section we
discuss conclusions and perspectives of the methods proposed in this article.

2. The Boltzmann equation. We consider the Boltzmann equation of rarefied gas dynamics

[6]
Of+v-Vaof =Q(f, f) (2.1)
with initial data
flt=0 = fo. (2.2)

Here f(x,v,t) is a non negative function describing the time evolution of the distribution of particles
with velocity v € R3 and position = €  C R% at time ¢ > 0. In the sequel for notation simplicity

2



we will omit the dependence of f from the independent variables z, v, ¢ unless strictly necessary.
The operator Q(f, f) which describes particles interactions has the form

QA= [ Blo= ol mlF0)Fw) = F)f (0] dv. dn 2.3
where
, 1 , 1 1
v=v+ E(v — i)+ §|v —Uyln, v, =v+ 5(1} —Vy) — §|v — Vi |n, (2.4)

and B(|v — vi|,n) is a nonnegative collision kernel characterizing the microscopic details of the
collision given by

B(jv—v.|,n) =0 ((“ = vs) n> v — .7,

v —u]

with v € [0,3). The case v = 1 is referred to as hard spheres case, whereas the simplified situation
v = 0, is referred to as Maxwell case. Note that in most applications the angle dependence is
ignored and o is assumed constant [3].

The operator Q(f, f) is such that the the local conservation properties are satisfied

[ mQUE o =2 (mQ(f. £)) =0 (25)

2
where m(v) = (1, v, %) are the collision invariants. In addition it satisfies the entropy inequality

%/RB flog fdv = /RB Q(f, f)log fdv < 0. (2.6)

Integrating (2.1) against its invariants in the velocity space leads to the following set of non closed
conservations laws

o{mf) + Vy(uomf) =0. (2.7)

Equilibrium functions for the operator Q(f, f) (i.e. solutions of Q(f, f) = 0) are local Maxwellian
of the form

p —lu—wvf
My(p,u,T) = W exp <T) ) (2.8)

where p, u, T are the density, mean velocity and temperature of the gas in the x-position and at
time ¢ defined as

(p ) = (mf). T = (B = pluP) (29)
We will denote by
U=(p,u,E), MU = My, (2.10)
clearly we have
U= (mM[U)). (2.11)
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Now, when the mean free path between particles is very small the operator Q(f, f) is large and we
can rescale the space and time variables in (2.1) as

¥ =ex, t'=ct (2.12)

to obtain

0uf +0-Vef = 2QUS, ) (213)

where ¢ is a small parameter proportional to the mean free path and the primes have been omitted
to keep notation simple.

Passing to the limit for ¢ — 0 leads to f — M[U] and thus we obtain the closed hyperbolic
system of compressible Euler equations for the macroscopic variables U

U +V,FU)=0 (2.14)
with
F(U) = (vmM|[U]) = (pu, ou @ u + pI, Eu + pu), p= pT,

where [ is the identity matrix.

For small but non zero values of the Knudsen number, the evolution equation for the moments
can be derived by the so-called Chapman-Enskog expansion [6]. This approach gives the compress-
ible Navier-Stokes equations as a second order approximation with respect to € to the solution to
the Boltzmann equation.

2.1. Operator splitting and stability definitions. Here we restrict ourselves to operator
splitting based schemes. It is well-known, in fact, that most numerical methods for the Boltzmann
equation are based on a splitting in time between free particle transport and collisions [3, 15].
Possible extension of the present theory to non-splitting schemes is actually under study and it
will be considered elsewhere.

Even if it is difficult to give a rigorous definition of asymptotic preserving scheme since the
concept has been used for a long time in the physics and mathematics literature and may refer to
different discretization parameters, here following [25, 26, 33] we formalize this notion for the time
discretization of equation (2.1).

DEFINITION 2.1. A consistent time discretization method for (2.1) of stepsize At is asymptotic
preserving (AP) if, independently of the initial data (2.2) and of the stepsize At, in the limite — 0
becomes a consistent time discretization method for the reduced system (2.14).

Note that this definition does not imply that the scheme preserves the order of accuracy in ¢
in the stiff limit € — 0. In the latter case the scheme is said asymptotically accurate.

As discussed above, the starting point in the solution of the kinetic equations is given by an
operator splitting of (2.1) in a time interval [0, At] between relaxation

1
ouf = ZQU f). (2.15)
and free transport
of+v-Vyf=0. (2.16)

This situation is typical of Monte Carlo methods and of several other numerical codes used in
realistic simulations. Even if this splitting, usually referred to as Lie-Trotter splitting, is limited

4



to first order it permits to treat separately the hyperbolic free transport from the stiff relaxation
step which often is of paramount importance in applications.

Higher order splitting formulas can be derived in different ways (see [19]). Let us denote by
Tac(f) and Cai(f) the above transport and collision steps in a time interval [0, At] starting from
the initial data fo, then the well-known second order Strang splitting [34] can be written as

Caty2(Tat(Car/2(fo)))- (2.17)

Unfortunately for splitting methods of order higher then two it can be shown that it is im-
possible to avoid negative time steps both in the transport as well as in the collision [19]. Higher
order formulas which avoid negative time stepping can be obtained as suitable combination of
splitting steps [11]. Note, however, that the appearance of negative coefficients or negative time
steps in high order formulas may lead to several drawbacks in practical applications like the lack
of positivity of the solution which makes very difficult their use in Monte Carlo schemes.

As mentioned before the study of the accuracy properties of the different splitting methods in
stiff regimes, although important, is beyond the scopes of the present manuscript and we refer to
[24, 35] for an error analysis of some splitting methods in stiff conditions.

Now we can reformulate the asymptotic preserving property and prove that

PROPOSITION 2.2. A sufficient condition for a consistent time discretization method of stepsize
At applied to the operator splitting approximation of (2.1), given by (2.15)-(2.16), to be AP is that
the time discretization of step (2.15), independently of the initial data (2.2) and of the stepsize At,
in the limit € — 0 projects the solution f over the local Mazwellian equilibrium M [Uy|, Uy = (m fo).

The proof of the above proposition is an immediate consequence of the fact that as ¢ — 0
step (2.15) degenerates into the projection Ca:(fo) = M[Up] which coupled with the transport
step (2.16) originates a so-called kinetic approximation [8] to the Euler equation (2.14) given by
Tat(M[Up]). We omit further details.

In other words, Proposition 2.2 states that if the relaxation step (2.15) is AP then the whole
splitting (2.15)-(2.16) is AP. Analogous results hold true for higher order splitting methods.

In the sequel we will focus on the solution to the space homogeneous Boltzmann equation
(2.15). In fact, most computational challenges related to the behavior of the full equation for small
values of € depend on the time discretization of the homogeneous step.

Of course AP is an important property in term of stability of the numerical scheme in stiff
regimes. For implicit Runge-Kutta methods applied to (2.15) it has been shown in [33] that AP is
equivalent to the notion of L-stability [18].

For general unconditionally stable schemes a weaker requirement is the notion of asymptotic
stability (AS) [29]. Let us denote by f(t) and g(t) two solutions of (2.15) corresponding respectively
to the initial data fo and go such that Uy = (mfy) = (mgo). It can be proved that, for a suitable
distance d(-,-), system (2.15) is contractive d(f(t),g(t)) < d(fo,g0), and asymptotically stable
since f(t) — M[Uy] and ¢(t) — M[Up] as t — oo (see [6] for example) and so f(t) — g(¢t) — 0 as
t — 0o. We refer to [37] for more details and examples of contractive metrics for problem (2.15)
in the case of Maxwell molecules. A particular metric is presented in Section 3.3.

Let us denote by f™ and ¢™, n > 1 the numerical solution at ¢ = nAt obtained with a given
time discretization method applied to (2.15) with initial data fy and go respectively. Now we can
introduce the following definition.

DEFINITION 2.3. A time discretization method for (2.15) is called unconditionally contractive
with respect to the distance d(-,-) if d(f',g*) < d(fo,go) holds for all fo, go such that (mfy) =
(mgo) and for all stepsizes At. Furthermore, it is called unconditionally asymptotically stable if
f"—4g" — 0 as n — oo independently of the step size At.

Note that unlike contractivity, asymptotic stability is not related to a specific metric. Contrac-
tivity of Runge-Kutta methods has been studied in [27] and it is well-known that such methods
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have limited order of accuracy. Clearly for implicit Runge-Kutta methods, asymptotic stability is
closely related to A-stability.

For the sake of completeness we finally introduce the notion of entropic stability, namely
schemes that preserve the entropy inequality (2.6).

DEFINITION 2.4. A time discretization method for (2.15) is called unconditionally entropic if
H(f") < H(f™), where H(f) = [gs flog f dv, independently of the step size At.

The above monotonicity property for Runge-Kutta schemes is essentially equivalent to the
so-called strong stability preserving (SSP) property which is often used when dealing with the
time discretization of partial differential equations [17]. Let us recall that Implicit Euler is the sole
unconditional SSP method. All SSP Runge-Kutta methods of order greater than one suffer from
some time-step restriction [20]. Thus, except for first order implicit Euler, the entropy inequality
is not satisfied by high order unconditionally stable Runge-Kutta schemes applied to (2.15) unless
a suitable time step restriction is considered.

3. Exponential methods. Since we aim at developing unconditionally stable schemes, the
most natural choice would be to use implicit solvers applied to (2.15). Unfortunately the use
of fully implicit schemes for (2.15) is unpracticable due to the prohibitive computational cost
required by the solution of the very large non-linear algebraic system originated by the five fold
integral appearing in Q(f, f) which has to be computed in each spatial cell at each time step in
the inhomogeneous cases. We will see in this section a possible way to overcome these difficulties.

First we rewrite the homogeneous equation (2.15) in the form

0uf = 2(PUS, ) = nuf). (31)

where P(f, f) = Q(f, f) + nf and p > 0 is a constant such that P(f, f) > 0. Typically p is an
estimate of the largest spectrum of the loss part of the collision operator. Let us emphasize that
most of the subsequent theory can be generalized to the case where P(f, f) is not strictly positive
and p is an arbitrary nonnegative constant. However such an assumption makes the presentation
easier and we will discuss possible generalizations later.

By construction we have the following

%mﬂ%ﬁf»=<mf%=U- (3.2)

Thus P(f, f)/p is a density function and we can consider the following decomposition

P(f, f)/1n= M[U]+g. (3.3)

The function g represents the non equilibrium part of the distribution function and from the
definition above it follows that g is in general non positive. Moreover since P(f, f)/p and M[U]
have the same moments we have

(mg) = 0. (3.4)
The homogeneous equation can be written in the form

WMm—ﬁ—ﬁ(ﬂiﬁ—Mw0+

= - p MU= f). (3.5)

€ €
The above system is equivalent to the penalization method for the collision operator recently
introduced in [14]. Note that even if M[U] is nonlinear in f, thanks to the conservation properties
(2.5), it remains constant during the relaxation process. The main feature of such formulation is
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that on the right hand side we have a stiff dissipative linear part pu(M[U]— f)/e which characterizes
the asymptotic behavior of f and a stiff non dissipative non linear part (P(f, f)/u— M[U])/e which
describes the deviations of P(f, f)/u from M[U], or equivalently the deviations of the Boltzmann
operator from a BGK-like relaxation term.

We remark that the decision whether problem (2.15), or equivalently (3.1) and (3.5), should
be regarded as stiff or nonstiff does not depend only on the ratio /e but depends also on the
chosen initial conditions. If the initial data is close to local equilibrium f = M[U] + O(e), then
the problem is clearly nonstiff. In fact, if f = M[U] + f1 we have

Q(fuf) :E[Q(flaf)+Q(f7f1)+€Q(flvf1)]7

and so Q(f, f) = O(e) and there is no need of using a specific stiff solver. For this reason, and the
fact that the transport step (2.16) drives the solution far from local equilibrium, in the sequel we
concentrate our analysis to non equilibrium initial data.

In such case the problem is stiff as a whole and a fully implicit method should be used in
the numerical integration to avoid stability constraints of the type At = O(eg). On the other
hand the linear part itself suffices to characterize the correct large time behavior of f. Therefore,
instead of fully implicit methods, one should hopefully use methods which are implicit in the
linear part and explicit in the non-linear part. One class of such methods is given by the IMEX
Runge-Kutta schemes [1, 33]. Note, however, that standard IMEX schemes may lose their stability
properties since here also the explicit part is stiff. An alternative approach is based on the so-called
exponential integrators where the exact solution of the linear part is used in the construction of
the numerical methods [21, 22].

3.1. Explicit exponential Runge-Kutta schemes. In order to derive the methods it is
useful to rewrite (3.5) as

t/e
M — l(P(f, f) — pM)ert/=. (3.6)
ot €
The above form is readily obtained if one multiplies (3.5) by the integrating factor exp(ut/e)
and takes into account the fact that M does not depend of time. A class of explicit exponential
Runge-Kutta schemes is then obtained by direct application of an explicit Runge-Kutta method
0 (3.6). More in general we can consider the family of methods characterized by

, it ) )
PO — et BEUS ey (P2 )
e =

0]
3.7
+ (1 —e—wm/&‘) M, i=1,...,v 37
At & P(F®, F@)
n+l _ e—MAt/E noy K W, At/e ( ) - M"™
! fr+ = ; (uhtfe) | —— =
(3.8)

+ (1 _ e—MAt/E) Mn,
where At is the time step, f™ = f(t"), M™ = M(t"), ¢; > 0, and the coefficients A;; and the
weights W; are such that

Aij(O):aij, Wl(O)Zwl, Z'7j=1,...,U

with coefficients a;; and weights w; given by a standard explicit Runge-Kutta method called the
underlying method. Various schemes come from the different choices of the underlying method.
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The most popular approaches are the integrating factor (IF) and the exponential time differencing
(ETD) methods [21, 22, 29]. Since M™ does not depend on time during the collision process in the
sequel we will omit the index n.

For the so-called Integrating Factor methods, which correspond to a direct application of the
underlying method to (3.6), we have

Aij(\) = age G A i =1y, >

(3.9)
Wi(\) = wie =N =1,
with A = pAt/e.
The first order IF scheme reads
RALT At HAT P n n HAT
i e (S )
I

which is based on explicit Euler. For such methods the order of accuracy is the same as the order
of the underlying method.

The Exponential Time Differencing methods are strictly connected with the integral represen-
tation of (3.6). In the general case the coefficients for ETD methods have the form

1
Ai(N) = / e=9edrp, (s)ds, i,j=1,...,v, i>]
0

1
Wi(M\) = / = pi(s)ds, i=1,...,v,
0

where p; and p;; are suitable polynomials.
The standard first order ETD method based on explicit Euler in our case gives [21]

€ € )

: (3.11)

where ¢(z) = (1 — e %) /2.

3.2. Time Relaxed methods. A class of exponential methods for kinetic equations, the so-
called time relaxed (TR) methods, has been introduced in [16] as a combination of an exponential
expansion (or Wild sum) together with a suitable Maxwellian truncation. In this paragraph we
show that these schemes included already decomposition (3.5) and can be derived directly from a
suitable Taylor expansion of (3.6).

To show this, let us first introduce the change of variables

7= 1 exp(—pt/e),
which, using the bilinearity of P(f, f), gives the equation

0 1

ar {(f - M)TT] = (P(f,f) — pM)

- (3.12)

The application of an explicit Runge-Kutta scheme to (3.12) with time step A7 = 1—exp(—pAt/e)
leads to a class of ETD methods. For example the first order scheme based on explicit Euler in
the original variables yields

T (uﬁ (P(f: = M) - M, (313)
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where ¢p(2) = e (1 —e *)F /2, k=1,2,....

Note that such scheme coincides with the first order exponential time relaxed method derived
in [16] and differs from the standard ETD method based on explicit Euler. Higher order ETD
methods can be derived as well simply applying higher order explicit Runge-Kutta methods to
(3.12). Although interesting, here we do not explore further this class of schemes.

Now let us consider a different approach by taking the Taylor expansion of (f — M)/(1 — 1)
around 7 = 0 in (3.12). This leads to

<f—M>/(1—T>—<fo—M>+T{@-M]

s {P(P(fo,fo),fo);r?P(fo’P(fO’fO)) _ zM] 1 o)

where we have used the bilinearity of the operator P(f, f).

If we compute all the terms in the expansion and use recursively the bilinearity of P(f, f) we
can state the following

PROPOSITION 3.1. The solution to problem (8.5) or equivalently (3.6) or (3.12) can be repre-
sented as

flo,t) =1 =7)fo(v) + (1 —7) ZT (fit(v) = M(v)) + 7M(v), (3.14)
where the functions fi are given by the recurrence formula

K
Srra(v Z

fh,fkh() k=0,1,.... (3.15)

‘:I)—‘

By truncating expansion (3.14) at the order m, and reverting to the old variables, we recover
exactly the time relaxed schemes presented in [16]

m

fnJrl — e*,uAt/sfn + e*,uAt/s Z(l _ e*,uAt/s)k(f]? _ M) + (1 _ e*,uAtE/s)]\47 (316)
k=1
which, using the fact that
1 — e—pAt/a Z(l _ e—pAt/a)k _ (1 _ e—MAt/a)m-i—l,
k=0

can be rewritten in the usual form emphasizing their convexity properties

frtl = oAt/ Z(l — e THAL/SR (] — gmHA/EymEL T (3.17)
k=0

A remarkable feature of these methods is that the functions f;(v) are density functions with
the same moments of the initial data (mfi) = (fo). Such property, together with unconditional
nonnegativity and convexity of the weights, is enough to guarantee asymptotic preservation of the
schemes as well as nonnegativity, contractivity and entropic stability (see [16] for details).

Clearly TR schemes do not belong to the general family of methods defined by (3.7)-(3.8),
since they are based on the assumption that P(f, f) is a bilinear operator.
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3.3. Main properties. In this section we will establish the main properties for a general
exponential scheme in the form (3.7)-(3.8). For some of the properties, like contractivity and
entropic stability, we give proofs in the case of Maxwellian molecules.

Since solutions to (2.15) are nonnegative and preserves the mass in our analysis we will restrict,
without loss of generality, to probability density functions.

Let us denote by Po(R?), the class of all probability density functions f on R3, such that

g |v]2dF(v) < oo. (3.18)

We introduce a metric on Py(R?) by
d2(f,9) = sup WOK;PQ(O' (3.19)

where f is the Fourier transform of f
f(e) = /R ) e VAF (v). (3.20)

The metric da(+,-) is nonexpanding with time along trajectories of the Boltzmann equation;
that is, if f and g are two such solutions dao(f(t),g(t)) < d2(fo,90). The above property is a
consequence of the fact that for Maxwell’s molecules we have

o ( v n) ) F) — F0)f(v.)] v dn (3.21)

oo

arn- |

R3xS2

where for any fixed unit vector e

/ o(é-n)dn =S5,
S2

with S > 0 a constant. Taking 4 = S and

Pun= [ o () f0)s s dn

v — vl
we have Q(f, f) = P(f, f) + pf and [37]

d2(P(f, ), P(9.9)) < pda(f,9). (3.22)

We refer to [37] for more information on the above metric and other contractive metrics for the
Boltzmann equation in the case of Maxwellian molecules.

Now let us denote by f™ and g™ the corresponding solutions obtained with an explicit expo-
nential Runge-Kutta method. We have

i—1
FO) _ ) = gmemdt/e(pn_ gy 4 A S Ay (udt/e) (P(FD, F@) — P(GY), GO)))
13
Jj=1

v

frt— gttt = emrAYE(f — g % > WilpAt/e)(P(FD, FO) - P(GY,GM)),
=1
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and then

i—1
dz(F(i), G(z‘)) < e—CiHAt/Edz(fn,gn) + /‘TN Z | As; (uAt/a)|d2(F(j),G(j))

Jj=1

— £ n n At - i i
da(frHh, g Yy < e HAEdy(f g >+“TDWZ-(uAt/sﬂda(F(>,G<>>.
=1

Let us denote by A = pAt/e, A(X) the v x v matrix of elements |A;;(A)], @(A) the v x 1 vector of
elements |[W;(\)], d the v x 1 vector of elements do(F®,G()) and € the v x 1 unit vector we can
write

Nda(f",g")e

(I-XA(N)d
Ly ’\dz(fn ")+ o\ Td,

(f"""l

where E(\) = diag(e= =, ... e~e).
Then we obtain

<E
<e

dao(f", g™ < R(N)d2(f", ™), (3.23)

where
R\ = e + xao(N)T (I — A\)TE(N)e (3.24)
>y UZ_: MHGMNTANRE(Ne. (3.25)

To derive the last expression we expanded (I — AA()\))~! by the geometric series and use the fact
that A()) is strictly lower triangular and so it is a nilpotent matrix of degree v.

We can state [29]

THEOREM 3.2. If an explicit exponential Runge-Kutta method in the form (3.7)-(3.8) satisfies

R(A) <1, VA>0, (3.26)

with R(X) given by (3.25) then it is unconditionally contractive and unconditionally stable with
respect to the metric da(-,-).
Note that for an IF method we have

AN < faigle™ A WA)] < Jwile” 070,
thus we require
0=c1<cp... <, <1, (3.27)
in order for the above quantities to be bounded independently of A.
We have
v—1
R\ =e? <1 +y A’”leA’“é) . (3.28)
k=0
Thus condition (3.26) is satisfied when
v—1 _ 0o )\k+1
1+ MeftgT Ake < e = Z (3.29)
k=0 =0
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Now, if we consider an underlying Runge-Kutta method with a v X v non negative coefficient
matrix A and a v X 1 non negative vector of weights w then (3.29) holds if

T gk 1
w A%e < G k=0,1,...,v—1.
The above condition is clearly satisfied if the underlying Runge-Kutta method is a v-stage explicit
Runge-Kutta method of order v.

Thus we have proved

PRroOPOSITION 3.3. An explicit IF method is unconditionally contractive and asymptotically
stable with respect to the metric da(-,-) if the underlying Runge-Kutta method is a v-stage explicit
Runge-Kutta method of order v with nonnegative coefficients and weights satisfying (3.27).

As pointed out in [27, 29] examples of such methods are well-known up to v = 4 and the
classical RK method of order four is the sole method with four stages. Moreover, it is also known
that there does not exist explicit methods of order greater than four satisfying (3.27) with positive
weights. For methods which are not of IF type there are no accuracy barrier, for example all time
relaxed method satisfy immediately condition (3.26). Other examples are reported in [22, 29].

We have

THEOREM 3.4. If an explicit exponential Runge-Kutta method in the form (3.7)-(3.8) satisfies

lim R()) =0, (3.30)

with R(X\) given by (3.25) then it is asymptotic preserving.
In fact taking go = M we have

do(f"1, M) < R(\)da(f7, M),

and so do(f"*1, M) goes to 0 as A — oo.

For an IF method R(\) is given by (3.28) and condition (3.30) is always satisfied. Thus

PROPOSITION 3.5. An explicit IF method is asymptotic preserving if the underlying Runge-
Kutta method satisfies (3.27).

For practical applications it may be convenient to require that as A — oo the numerical
solution f™*! and each level F( of the IF method are projected towards the local Maxwellian
without using explicitly the structure of P(f, f). It is straightforward to verify that this stronger
AP property is satisfied if we replace condition (3.27) by

O=c1<c<...<c¢ <1 (3.31)

We remark that the usual concept of stiff order [29] for exponential methods is in contrast with
the latter strong AP property. For example for a stiff order one method the condition [22]

- 1—e?

implies that the Maxwellian term in (3.8) vanishes. So classical stiff order two ETD methods do
not satisfy the AP property (see [29] for example).

We conclude this section with a results concerning an important convexity property of the
schemes.

THEOREM 3.6. If an explicit exponential Runge-Kutta method in the form (3.7)-(3.8) satisfies

i—1

1 — e ciA .
ZAij(A)gf, VA>0, i=1,...,v (3.32)
j=1
- 1—e?
1=1
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with A;;(X) > 0 and W;(X) > 0 then it is unconditionally positive and entropic.
In fact, the operator P(f, f) is nonnegative and convexity of the schemes is guaranteed if (3.32)
and (3.33) hold. Moreover since H(M) < H(f™) and (see [38])

H<ﬂ%ﬁ)§HUL (3.34)

by convexity we have also
i—1
H(FD) < e () + 03 Ay (VH(FD)
j=1
i—1
+l1—e =AD" AN | H(M)
j=1
< H(f"), i=1,...,v

H(f") < e H(f") + Ai Wi(A\)H(F®)

i=1
+ (1 —er - AZWZ-(A)> H(M)
i=1
< H(f™).
For convexity of an IF method we require
1—1 A
Cq _ 1
> aijeit < c T YAZ0 =1
j=1

v A

-1
E wieci’\ge/\ , VA>0.
i=1

By Taylor expansion we obtain conditions

1—1 k

c; )
Zaijcjkgk—l—l’ k=0,1,2,..., i=1,...,v (3.35)
Jj=1
zy:wic’%L k=0,1,2,... (3.36)
pt l—k—i—l, ) 3 ) )

This allows to state the following.

PROPOSITION 3.7. An explicit IF method is unconditionally positive and entropic if the un-
derlying Runge-Kutta method has nonnegative coefficients and weights satisfying (3.35)-(3.56).

Note that the above conditions on the choice of the underlying method are quite restrictive
and that we are not using the bilinearity of P(f, f) which would lead to weaker constraints on a;;
and w;. For example, if we consider the family of second order Runge-Kutta methods with two
levels characterized by w; = 1 — w, wy = w and ag; = (2w)~! with w € [0, 1], Proposition 3.7 is
satisfied when

o1 k1
puiy 2k b
13
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which implies w € [%, 1]. Examples of methods that satisfy convexity are the second order Midpoint
or Runge method (w = 1) and the third order Heun method but not the classical fourth order
Runge-Kutta method [18].

REMARK 1. Convezity is an essential property if one wants to rely on Monte Carlo techniques
for the computation of the collision operator. In fact, the resulting scheme is a convex combination
of probability densities and then can be evaluated using the same methods described in [31].

3.4. Generalizations and implementation. An essential aspect in the reformulation of
the problem given by (3.28) is the choice of the value of the constant p used in estimating the
spectrum of the collision operator. Of course such constant can be chosen at each time step in
order to improve our estimate. In the sequel we show different choices in the case of variable hard
spheres.

The choice of an upper bound for the loss part of the collision term leads to take p = p,, where

Hp = sup/ [v — 0|7 f (Vi) dvs. (3.37)
v R3

Positivity is guaranteed since this choice implies clearly P(f, f) > 0. From a practical viewpoint
computation of (3.37) can be done at O(N log N) for a deterministic method based on N parameters
for representing f(v) on a regular mesh. This can be done using the FFT algorithm thanks to the
convolution structure of the loss term in (3.37). Thus, in general, the computation of yu, will not
affect the computational cost of the scheme.

For Monte Carlo methods based on vy, ...,vy particles one should estimate

1
~ — LY
pp ~ max > 7 oy = vy,
J
To avoid the O(N?) cost it is a common choice to consider the following upper bound

. 1 1
fp =27 max lv; —u|” > max - ; lvi — o7, u= N ;vl (3.38)

However, such positivity constraint on P(f, f) typically leads to overestimates of the true
spectrum of the collision operator, especially in Monte Carlo simulations. A better estimate of p
would be given by the average collision frequency

o = /}R3 /}R3 [v — 0| f(v) f (Vi) dvs do. (3.39)

This can be computed again at O(N log N) cost in a deterministic setting whereas in a Monte
Carlo simulation we have

1
Ha =~ N2 Z lvi — w57,
2]
which, to avoid the quadratic cost, can be overestimated by

_
fia = Z lv; — ul”. (3.40)

Finally, as suggested in [14], pu can be chosen as an estimate of the spectral radius of the
linearized operator ) around the Maxwellian M. In fact

Q(f, f) = QM, M) + VQ(M, M)(M — f) = VQ(M)(M — f),

14



where VQ(M, M) is the Frechet derivative of @) evaluated at M. For example one can take

Q. f) ’ |

s = Sup | ———= (3.41)

v | f—-M

Note however that the above estimate can be computed easily only in a deterministic framework.

The choices p = pq or p = ug, although more accurate, pose the question of stability of the

resulting scheme since they do not guarantee P(f, f) > 0. Note that, if we denote by P,(f, f) =
Q(f, f) + ppf and by, = ppAt/e, for an arbitrary g > 0, we can rewrite (3.7)-(3.8) as

i—1 i—1 P ;
) o ) P,(FW FU)
FO =@ " — (X, = N) DA (NFD 4+ 2, Aij(/\)M
j=1

= Hp
. (3.42)
Fl1—e =) AN | M, i=1,.v
j=1
n+1 —Arn Z (J) - Pp(F(Z), F(l))
frit=e = (= N))_ Wi()F +/\pZWi(/\)M7
i=1 i=1 P

(3.43)

+ <1 —e - Aim—@)) M.

For stability now we must perform the same analysis of Section 3.3 on system (3.42)-(3.43). For
brevity here we omit the resulting conditions which typically cannot be satisfied without introduc-
ing a stability restriction on the time step.

To illustrate this let us consider the case v = 1 for IF methods. We have

P n n
==+ N)e M+ )\pef)‘M +(1—e =X ) M. (3.44)
Hp
Convexity is guaranteed as soon as At satisfies
At<—,
Hp — K

or equivalently if we take u > u, — /At which represents the lower bound for p that makes the
scheme unconditionally positive. On the other hand contractivity and asymptotic stability remain
valid under the weaker restriction

I

e
5t et >

Similar considerations hold for higher order IF schemes. In such cases the AP property is guaran-
teed provided that the underlying method satisfy Proposition 3.5.

REMARK 2. Along this paragraph we have assumed p constant during the time stepping. In
practice it is clear that the computation of w, from (3.37) on the initial data does not guaran-
tee positivity of all terms in the vector fi. In principle one can take p = u(t) and rewrite the
exponential methods for a time dependent p from

A(f — M)et o @) ds 1

ot T e

and then recompute i, at each stage of the Runge-Kutta level. This procedure however may be

quite expensive and in practice violation of positivity is rarely observed. In such circumstances one

can set initially a numerical tolerance on p, or simply repeat the computation with a larger value
of p.

(P(f, f) — p(t)M)ez Jo () ds, (3.45)
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4. Numerical results. In this section we perform some numerical tests for the exponential
Runge Kutta schemes applied to the case of the full Boltzmann equation. We consider the first
order IF scheme (3.10) and the second and third order IF schemes obtained using second order
Midpoint and third order Heun methods respectively. All methods satisfy Proposition 3.7 and
thus can be implemented using Monte Carlo strategies for the evaluation of the five fold collision
integral [31]. Since we are interested in measuring the time discretization error of the different
schemes we need to cancel the other sources of error in the computations. This is realized using a
very large number of particles and statistical averages.

We consider two different test cases: first the evolution of the fourth order moment in a space
homogeneous case and then the heat flux behavior in a space inhomogeneous shock problem.

4.1. Homogeneous relaxation. As initial data we consider an equilibrium Maxwellian dis-
tribution with temperature 7' = 6, density ¢ = 1 and mean velocity © = —0.5. To this distribution
we add a bump on the right tail along the x-axis. The bump is realized adding a Maxwellian with
mass 0, = 0.5 p, mean velocity u, = 4 v/T and temperature T, = 0.5 T' to the initial Maxwellian
distribution. We consider the case of Maxwell interactions and hard spheres. The simulations are
run till the equilibrium is approximately reached, which means ¢ = 0.4 in the case of hard spheres
and t = 0.8 for Maxwell molecules. The reference solution is computed by the Bird method [3]
which converges toward the exact solution when the number of particles goes to infinity.

In Figure 4.1 we show the Ly error for the fourth order moment of the distribution function f
for Maxwellian molecules and hard spheres. In each of the plots the error is depicted for different
choices of the time step: respectively pAt/e = 0.5,1,2 and 4. In the case of Maxwell molecules
p = 1 while for hard spheres p > 1 is an upper bound for the collision cross section computed
using the simple choice (3.38). As a consequence for the same values of uAt/e the Ly norm of
the error is larger for hard spheres with respect to Maxwell molecules. Here we do not use any
strategy to reduce the effect of possible overestimation of u as described in section 3.4. We leave
this possibility to further research. The expected convergence rate is observed for all schemes.

4.2. A shock wave computation. We consider a Sod shock tube test with initial values

1 0.125
u,=|0],if0<2<05 ug=1| 0 L if05 <z <1
5 4

The solution is computed using 150 grid points in space, the final time is t = 0.05. The transport
step is solved exactly by particle transport as it is usual in Monte Carlo methods. As before we
consider a very large number of particles and averaged the solution over several runs. Again the
reference solution is obtained letting the time step go to zero and the number of particles to infinity
using Bird’s DSMC method.

We report the heat flux profile for the first and the second order Runge Kutta integration factor
scheme in figures 4.2. A first order splitting is employed for the first order IF while a second order
Strang splitting is used in combination with the second order IF method. From top to bottom
of the figures the Knudsen number values are ¢ = 1072,5 10~% and 10~4. The time step is fixed
equal to 1073,

Both schemes show a good agreement with the reference solution for ¢ = 1073. Then, when
the Knudsen number is halved we start to see some discrepancies between the profiles of the first
order method and the reference solution. On the contrary the second order method is still in good
agreement with the reference solution. When the Knudsen number becomes 1/10 of the time step
both the schemes present larger errors but they are still able to catch correctly the departure from
equilibrium. This is especially true for the second order scheme which is able to reproduce the
correct profile with sufficient accuracy.
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F1G. 4.1. Lo Error for the Fourth Moment Relazation for the homogeneous relaxation problem with Mazwellian
particles (left) and hard spheres (right).

5. Conclusions and further developments. We have presented a general class of expo-
nential schemes for the numerical solution of nonlinear kinetic equations in stiff regimes. The
schemes generalize the class of schemes previously developed in [16] and share the fundamental
property of asymptotic preservation. Even if the schemes have been developed in the case of the
Boltzmann equation for dilute gases, extension of the schemes to other collisional kinetic equations
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Fi1G. 4.2. Heat fluz profile for first order (left) and second order (right) IF schemes. Top Kundsen number
e =103, middle e =5 10~% and bottom e = 10~%. At =10"3.

which possess a smooth equilibrium state are straightforward. Let us also mention that decompo-
sition (3.3) represents only one of the possible choices in order to linearize the collision operator
close to equilibrium and then using it as a penalization factor in the construction of the numerical
methods. For example a more accurate penalization can be obtained using the so called ES-BGK
equilibrium function [23], instead of the standard Maxwellian, which is well known to provide a
better approximation of the collision dynamics. Let us finally mention that in principle the schemes
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can be extended to the non-splitting method case for (2.1) using the integral representation

t t
fa0) = f(o0.0)e 174 2 [ Gy o ds + 8 [ e n N (o, 0,5) ds,

where

€ Jo € Jo

G(f,s) :—Evvmf—i-m ~ M.

I

Here we do not explore further this direction and we leave it to future researches.
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