a | o f

J Nonlinear Sci (2015) 25:1225-1255 J o u_r

DOI 10.1007/500332-015-9250-0 -
Nonlinear _
S Clence @ CrossMark

Asymptotic Dynamics of Inertial Particles with Memory

Gabriel Provencher Langlois! - Mohammad Farazmand? -
George Haller?

Received: 2 September 2014 / Accepted: 15 April 2015 / Published online: 1 May 2015
© Springer Science+Business Media New York 2015

Abstract Recent experimental and numerical observations have shown the signif-
icance of the Basset—Boussinesq memory term on the dynamics of small spherical
rigid particles (or inertial particles) suspended in an ambient fluid flow. These observa-
tions suggest an algebraic decay to an asymptotic state, as opposed to the exponential
convergence in the absence of the memory term. Here, we prove that the observed
algebraic decay is a universal property of the Maxey—Riley equation. Specifically, the
particle velocity decays algebraically in time to a limit that is O(€)-close to the fluid
velocity, where 0 < € « 1 is proportional to the square of the ratio of the particle
radius to the fluid characteristic length scale. These results follow from a sharp ana-
lytic upper bound that we derive for the particle velocity. For completeness, we also
present a first proof of the global existence and uniqueness of mild solutions to the
Maxey—Riley equation, a nonlinear system of fractional differential equations.
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1 Introduction

The motion of a solid body transported by an ambient Newtonian fluid flow can, in
principle, be determined by solving the Navier—Stokes equations with appropriate
moving boundary conditions (Galdi et al. 2008; Cartwright et al. 2010). The resulting
partial differential equations are, however, too complicated for mathematical analysis.
Their numerical solutions are computationally expensive and yield little insight.

For the motion of a small spherical rigid body (or inertial particle), however, one
can derive a reliable model by accounting for all the forces exerted on the particle due
to the solid—fluid interaction. Stokes (1851) made the first attempt to obtain such a
model for the oscillatory motion of an inertial particle. Later, Basset (1888), Boussi-
nesq (1885) and Oseen (1927) studied the settling of a solid sphere under gravity in
a quiescent fluid. The resulting equation is known as the BBO equation. To study the
motion of inertial particles in nonuniform unsteady flow, Tchen (1947) wrote the BBO
equation in a frame of reference moving with the fluid, accounting for various inertial
forces that arise in this frame.

The exact form of the forces exerted on the particle has been debated and corrected
by several authors (see, e.g., Corrsin and Lumley 1956). A widely accepted form of
the forces was derived by Maxey and Riley (1983) from first principles. The resulting
equation, with the later correction of Auton et al. (1988) to the added mass term, is
usually referred to as the Maxey—Riley (MR) equation.

To describe the MR equation, let u : D x R — R" denote a known velocity
field describing the flow of a fluid in an open spatial domain D C R". Here, n = 2
or n = 3 for two- and three-dimensional flows, respectively. A fluid trajectory is
then the solution of the differential equation X = u(x, t) with some initial condition
x(tp) = Xo¢. An inertial particle, however, follows a different trajectory y(¢) € D. The
particle velocity v(z) = y(¢) satisfies the Maxey—Riley equation

D
ppV =pf D—l; (Force exerted by the undisturbed fluid)
+ (op — Pf)8 (Buoyancy force)
Vo a (Stokes drag)
— v—u— —Au okes dra
2a? 6 8
D 2
_or v——{lu+ a—Au (Added mass term)
2 Dt 10
97 [v L wi(s) w(lp) ]
- — [ — ds + Basset—Boussinesq memory term),
2a V' m |: 1o VE—S =1 ( 4 Y )

(1)

where

2
W) =v()—uy@), 1) — %Au(ym, 0.

Here, p, and py are, respectively, the particle and fluid densities; v is the kinematic
viscosity of the fluid; and a is the particle radius, and g is the constant gravitational
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acceleration vector. The initial conditions for the inertial particle are given as y(#g) =

yo and v(fp) = vy, for some fy € R™. The material derivative % := d; +u-V denotes
the time derivative along a fluid trajectory.

The right-hand side in (1) contains the various forces exerted on the particle. These
forces have varying orders of magnitude. In particular, the Basset-Boussinesq mem-
ory term, accounting for the lagging boundary layer developed around the sphere, is
routinely neglected on the grounds that it is insignificant compared with the Stokes
drag and added mass (see, e.g., Maxey 1987; Balkovsky et al. 2001). Recent exper-
imental and numerical studies, however, show that the memory term influences the
dynamics of inertial particles significantly and hence cannot be generally neglected
(Candelier et al. 2004; Toegel et al. 2006; Garbin et al. 2009; Daitche and Tél 2011;
Guseva et al. 2013; Daitche and Tél 2014). This is the case even for heavy particles,
for which the memory term becomes very small (Daitche and Tél 2011).

The numerical simulations of Daitche and Tél (2011) and Guseva et al. (2013),
in particular, show the position of the particle to converge to its asymptotic limit
algebraically. This is fundamentally different from the exponential convergence arising
in the absence of the memory term (Rubin et al. 1995; Mograbi and Bar-Ziv 2006;
Haller and Sapsis 2008). In the present paper, we prove that the observations of Daitche
and Tél (2011) and Guseva et al. (2013) are a universal and generic property of the
MR equation with memory, irrespective of the fluid flow carrying the particles.

The MR equation was originally derived under the assumption w(fy) = 0.
Later, Maxey (1993) modified the original formulation to lift this unphysical restric-
tion, obtaining Eq. (1) above. This equation can be written as a system of nonlinear
fractional differential equations (Kobayashi and Coimbra 2005; Farazmand and Haller
2014) in terms of the particle position y and relative velocity w [see Eq. (7) below].
While there exist fundamental results for special classes of fractional differential equa-
tions (see, e.g., Podlubny 1998), the MR equation does not fit in any of these classes
and requires separate treatment.

Even the existence and uniqueness of solutions to the MR equation is unclear. Only
recently have Farazmand and Haller (2014) proved the existence, uniqueness and
regularity of its local mild solutions. They also showed that only under the unphysical
assumption w(fg) = 0 does the MR equation admit strong solutions. Here, we prove
global existence and uniqueness of mild solutions to the MR equation.

We start by rewriting the MR equation in dimensionless form as a system of non-
linear fractional differential equations [see Eq. (7)] in terms of the particle position
y and the function w, as defined by (1). After rescaling time, we compute the solu-
tion of the MR equation in the limit of infinitesimally small particles and then get
integral equations for the MR equation for arbitrary particle sizes. We then use these
integral equations to prove an analytic upper bound for the velocity v of a small par-
ticle of radius a. Next, we show that v decays algebraically to an asymptotic state
that is (’)(Z—i)-close to the fluid velocity u, where L is a characteristic length scale of
the fluid flow. We demonstrate these properties numerically on the double gyre flow
model of Shadden et al. (2005). Finally, we construct a specific continuation method
to prove global existence and uniqueness of mild solutions for the Maxey—Riley
equation.
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2 Preliminaries
2.1 The MR Equation in Dimensionless Variables

We rewrite the Maxey—Riley Eq. (1) in a form more appropriate for mathematical
analysis. First, we rescale space, velocities and time using the characteristic length
scale L, the characteristic velocity U and the characteristic time scale T = L/U.
Using the resulting dimensionless variables y — y/L, u — u/U, v — v/U and
t — t/T andrearranging various terms, we write (1) as a system of first-order integro-
differential equations

dy
Y WALy, 1),
dar w4 Ay(y, 1)
W 2 (LY ) M, (y. )W + By (y. 1)
— 4k — s W= — LW 1),
a M a \ Uz s a uty uty
y(to) =yo, Ww(tn) = wo, 2)
with
w(t) = v(1) —u(y (1), 1) — %M_IAU(Y@, 0, (3a)
Au:u—l—%u_lAu,
s _ (3R _ )\ (Du (R 1Y, 1D, by
L D ° 20 6)"* Dt
y

- zu! [Vu + %M_IVAu] Au,

M, = Vu + %M—lvm.

In deriving (2), we used the identity

d (7 w(s) T OW(s) w(to)
— ds = ds + ,
dr Jiy V1 —s 0 VI —S V=19
obtained from carrying out the differentiation and then integrating by parts [see, e.g.,

(Podlubny 1998, Chapter 2)].
The dimensionless parameters in (3) are defined as

2pf R 9R 9R
R=——"—, U=, K=q—>, V=3, (4)
of+20p St 2 2Re
where the Stokes (St) and the fluid Reynolds (Re) numbers are defined as
2 2 UL
St= = (3) Re, Re=—. 5)
9\L v

Note that the vector fields Ay, By : DxRT — R” and the tensor field M, : DxR™ —
R™*" are known functions of the fluid velocity field u.
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Equation (3a) defines a simple one-to-one correspondence between the particle
velocity v and the variable w. Once a solution (y, w) of (2) is known, the particle
velocity can readily be obtained as v(t) = w(¢) +u(y(z), t) + (y,u_l/6)Au(y(t), t).
In the absence of the Faxén correction term (y ™' /6) Au, the variable w = v — u is
the relative velocity between the particle and the fluid.

The integral term in (2) is proportional to the Riemann—Liouville fractional deriv-
ative of order 1/2, which is defined as

(6)

d?w d ( 1 [t w(s) d)
_ s).
ﬁ to AJE— S

'’z T dr
with ¢ > 9 (Podlubny 1998). Using this notation, we write the initial value problem
(2) in the more compact form

((11_3‘7 =W+ Au(y? t),

dw l/zdl/zw B

E—'—K:u“ dtl/z +H’W—_Mu(y’ I)W+Bu(y’ t),

y(t) =yo, W(t) = Wo. (7)

2.2 Setup and Assumptions

We use |-| to denote the Euclidean norm on R” withm € {n, 2n}. The induced operator
norm of a square matrix acting on R is denoted by ||-||. We denote the supremum
norm of functions by ||| so-

For future use, we also define the function space

X' ={fecC(t.i+h:R") [ flloo < K}. (8)

Since thh is a closed subset of C([t, t + h]; R™), the metric space (théh, IIlloc) 1S @
complete metric space.

For the MR Eq. (2) [or its original form (1)] to make sense, the partial derivatives
of the fluid velocity d¢u(x, t) and o; afu(x, t), with |¢| < 3 and |B| < 2 must exist.

The Faxén corrections (the terms involving Au) are routinely neglected in prac-
tice (Maxey 1987; Balkovsky et al. 2001). Upon neglecting the Faxén terms, the
regularity assumption for the fluid velocity relaxes to the existence of the first-order
partial derivative with respect to space and time, that is, |¢| < 1 and 8 = 0. In the
analysis presented here, we do not neglect the Faxén terms.

For proving the global existence and uniqueness of solutions of the MR equation, we
need the above partial derivatives to be uniformly bounded and Lipschitz continuous
in space and time. In particular, we assume the following.

(H1) The velocity field u(x, ) is smooth enough such that the partial derivatives 0y u

with |«| < 3 and the mixed partial derivatives o; af u with |B| < 2 defined over
the domain D x R™ are uniformly bounded.
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(H2) The velocity field u(x, ¢) is smooth enough such that the partial derivatives 0% u

with |«| < 3 and the mixed partial derivatives 0o, 8}? u with || < 2 defined over
the domain D x R™ are uniformly Lipschitz continuous.

Remark Neglecting the Faxén terms, assumptions (H1) and (H2) relax, respectively,

to the uniform boundedness and uniform Lipschitz continuity of the fluid velocity u

and acceleration %
t

Assumption (H1) implies the existence of constants L 4, L, Ly > 0 such that

[Aulloc = La, [Bulloo = Lp, [Mulloo = Lpm- ©)

Assumption (H2), on the other hand, implies the existence of a constant L. > 0 such that

|Au(¥1, T) — Au(y2, T)| < L¢|y1 — y2l,
IBu(y1, 7) — Bu(y2, v)| < L¢|y1 — ¥y2l, (10)
IMu(y1, 7) — Mu(y2, 0|l < L¢|ly1 — y2l,

for all y1, y2 € D and all T € R". The supremum norms in (9) are taken over all
(y,7) € D x R™.

Farazmand and Haller (2014) proved the following local existence and uniqueness
result.

Theorem 1 (Farazmand and Haller 2014) Assume that (HI1) and (H2) hold. For any
(Yo, Wo) € D x R", there exists a time increment 5t > 0 such that, over the time
interval [ty, to + 6t), the Maxey—Riley equation (7) has a unique solution (y(t), w(t))
satisfying (y(to), w(10)) = (Yo, Wo)-

2.3 The MR Equation Does Not Generate a Dynamical System

For ordinary differential equations, one may construct global solutions by continuation.
In particular, given a local solution (y(#), w(#)) existing on a time interval [, o+ A1),
one shows that the solution does not blow up at t = fy + Aj. Then initializing the
ordinary differential equation from time ¢ = f9 + A with initial condition (y(z9 +
A1), w(ty + Ayp)), the local existence and uniqueness result is reapplied to show that
the solution can be extended to an interval [#g, fo + A1 4+ A»). Repeating the above
steps, the solution can be extended to a time interval [fg, 1o + A1 + A + Az +---).
Finally, one shows that the infinite series A; + Ay + A3z + --- diverges and infers
global existence and uniqueness.

This continuation argument assumes that the flow map F;O : (Yo, wWo)

(y(t), w(t)) has the semigroup property F;O =F} o F% for all 7o < t; < t. Due to the
fractional derivative, however, the flow map of the MR Eq. (7) is not a semigroup.

To see this, consider the solution (y(z), w(t)) starting from (yg, Wo) at time .
Due to the Basset history force (that is, the fractional derivative in (7)), the trajectory
(y(t),w(t)) for t > t1 is influenced by its entire past history. A trajectory initialized
from (y(z1), w(t1)) is, however, ignorant of this history and therefore will follow a
different path (see Fig. 1 for an illustration).

@ Springer



J Nonlinear Sci (2015) 25:1225-1255 1231

Fig. 1 A trajectory (y(z), w(t))

of the MR equation (7) y
initialized from (yq, wq) and
passing through (y(z1), w(z1)) at
time 1 (green curve). A
trajectory initialized from

(y(t1), w(ty)) at time 71 (red
curve) does not follow the
trajectory (y(¢), w(t)) (Color
figure online)

As a result, the usual continuation methods for ordinary differential equations do
not apply here. In Sect. 4.1, we construct a specific continuation suitable for the MR
equation.

2.4 Rescaling Time

We introduce a rescaling of time that further simplifies the forthcoming analysis.

Dividing the w component of Eq. (2) by u and letting € := ﬁ, we get

dy

- = A ’t ’
q W+ Au(y, 1)
dw d/2w
ea + el e +w = —eMy(y, 1)w + €By(y, 1),
y(to) = yo, w(t) = wp. (1T)

Note that by (5), € = % = 9% (%)2 Re. Since the MR equation holds for small
particles (@ < L), € is necessarily a small and positive parameter: 0 < € < 1. Thus
the limit € — 0 (a — 0) describes the limit of infinitesimally small particles.

Rescaling time as t =ty + €1, we have

dy .~

el =€ [w + Au(y, t)] ,

dr

dw  d'2w VL 5. )%t B (6

EJFKWJFW_G[_ u(y, DOW + By(y, r)],

y(O0) =yo, w(0) = wy, (12)
where

y(r) =yto+e€t), W(r) =W(to +€7),
All(y’ T) == All(y’ tO + GT), Bll(ya T) == Bl.l(ya tO + Ef), Mll(y’ T)
= My(y, 1o + €7),

and

di2w  d (1 [T W) 4
_— = — ) .
drl/2 dr \J7 Jo JT—35s

@ Springer



1232 J Nonlinear Sci (2015) 25:1225-1255

The above rescaling of time has been previously used (Rubin et al. 1995; Mograbi
and Bar-Ziv 2006; Haller and Sapsis 2008) for the asymptotic analysis of the MR
equation without memory. It allows us to treat Eq. (12) as a regular perturbation
problem with respect to €, as opposed to treating Eq. (11) as a singular perturbation
problem with respect to €. To see the singular nature of the perturbation, divide the
w(t) equation of (11) by € and take the limit e — 0O: The limit will be unbounded. The
regularized € — 0 limit of (12) is unphysical, corresponding to an inertial particle of
zero radius. However, Eq. (12) is physically meaningful for any € > 0.

Note that a unique solution of the initial value problem (IVP) (12) over the time
interval [0, §) exists if and only if the unscaled IVP (7) has a unique solution over the
time interval [fg, fo 4 €8). Therefore, in the following, we study the IVP (12). We will
first analyze the solution of the IVP (12) in the limit € = 0 and then use this solution
to study the IVP (12) for € > 0. For notational simplicity, we omit the tilde signs from
all the variables.

3 Asymptotic Behavior
3.1 € = 0 Limit

We start with the limit € = 0 of Eq. (12), which as discussed in Sect. 2.4 is unphysical.
In this limit, y(t) = yo remains constant for all times, and w(t) becomes

dw d'/?w

E-FKW—FW:O, W(0)=WOa (13)

where « is the dimensionless parameter defined by (4). Equation (13) is a linear
equation tractable by Laplace transforms (Gorenflo and Mainardi 1997; Podlubny
1998). This leads to the following result.

Theorem 2 The general solution of (13) is given by w(t; wg) = Y, (T)Wg, where the
positive, scalar function ¥ : [0, 00) — R has the following properties.

1. ¥ is given by the inverse Laplace transform

1
(1) = L7 : 14
Ve (7) [(ﬁ+k+)(\/§+k_)}(T) (14)
where
Lk + k2 —4
+ = > :
2. Y obeys the asymptotic decay rate
Ve (T) ~ %7_3/2 + O (t_s/z) as T — 0. (15)
T

3. There is a differentiable function ¢, : [0, 00) — R™ such that ., = —¢!

K
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Fig. 2 Functions ¢, and ¥, = —¢,/(. The functions are evaluated for « = 0.5 (blue), k = 1 (green),

k = 1.5 (red), k = 2 (cyan) and k = 2.5 (magenta) (Color figure online)

4. The functions v, and ¢, are smooth over € (0, 00) and completely monotonic
decreasing, i.e.,

Dy P (@) =0, (=)W ()=0, j=0,1,2,..., V>0

5. ¥ (0) = 1 and ¢, (0) = 1.

Proof See “Appendix 17 for the proof of 1 and 2 and the explicit calculation of ;.
For the proof of 3, 4 and 5, see the properties demonstrated for ug(¢) (Y, (r)) and
ug(t)(¢ (1)) in Gorenflo and Mainardi (1997, Section 4). O

Figure 2 shows the functions ¢, and ¥, computed by numerically inverting their
Laplace transforms. It follows from properties 2 and 3 from Theorem 2 that ¢, decays
asymptotically as 7 ~!/2, as confirmed by the numerics.

Since the properties of Theorem 2 hold for any ¥ > 0, we omit the dependence of
Y and ¢, on x and write ¥ and ¢, respectively.

3.2 € > 0 Case

Now we analyze the general case of € > 0, i.e.,

dy
5= [W+ Au(y, 7)]

dw d!/?w . M B
E‘FKW‘FW—E[— u(y,T)W+ u(YaT)]9

y(0) =yo, w(0) = wo, (16)

which is Eq. (12) with tilde signs omitted. Solutions of (16) satisfy the integral equa-
tions
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y(r) =yo +¢ / w(s) + Au(y(s), s) ds.
0 (17)

w(z) = ¥ (1)wo + 6/0 Y (t —5) [~Mu(y(s), )W(s) +Bu(y(s), )] ds,

where ¥ (7) is given by (14) and satisfies the properties listed in Theorem 2.

This integral equation is essentially a variation-of-constants formula. The y-
equation in (17) is obtained by formal integration of the dy/dt equation of (16). For
the w-equation, let W(s) denote the Laplace transform of w(7). Taking the Laplace
transform of (16) yields

Wo £ [~Mu(y(1). T)W(7) + Bu(y(1), )] (5)
(V5 ) (B +) (V5 + ) (5 +)

Taking the inverse Laplace transform, we obtain the w-component of Eq. (17) where

¥ (t) is given by (14).

Definition 1 A mild solution of the IVP (16) is a function (y, w) : [0, §) — R?" that
solves the integral equation (17). The existence time § > 0 may be infinite.

Using the integral equation (17), we find an upper bound for |w(z; yo, wo)| and its
asymptotic limit.

Theorem 3 Assume that (HI) holds and € < 1/Lyy. Let (y,w) : [0, §) — R2" be a
mild solution of (16) where [0, §) is the maximal interval of existence of such solutions.

(i) An explicit envelope for |w(t;yo, Wo)| is given by

2

- 1] Lyl
W(; Yo, W)l < [Wol | D (eLan)’ 'y (x) | +eLp (1 — () + iﬂ
j=1 — €Ly
(18)

where Y*/ is the j-fold convolution of Wr. Moreover, the series converges uni-
formly and is bounded for all t.
(it) |w(t;Yyo0, Wo)| is bounded for all T € [0, §). Specifically,

|wWo| +€Lp
sup [w(z;yo, Wo)| < ————. (19)
0<t<$ I —€eLy
(iii) If 5 = oo, the asymptotic limit of wW satisfies
: €Lp
lim sup |w(t; yo, Wo)| < ————. (20)
T—00 l —€Ly

Proof See “Appendix 2”.

In deriving the upper envelope (18) and the subsequent upper bounds (19) and (20),
we have made several upper estimates. The natural question arising is how sharp these
estimates are. In the following section, among other things, we show with a numerical
example that these bounds are sharp by showing that they can be saturated.
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3.3 Numerical Verification

We illustrate the results of Theorem 3 with an example. For the fluid flow, we use the
double gyre model of Shadden et al. (2005). It is a two-dimensional velocity field with
the stream function

Hx,y,t) = Asin(wf(x, t))sin(mwy), 21)
where
f(x,1) = asin(wt)x® + (1 — 2« sin(wr))x.

Welet A=0.1, w =m and ¢ = 0.01.
The Hamiltonian H defines the velocity field u = (-9, H, 0y H) " which we use to
solve the initial value problem (7) using the numerical scheme developed by Daitche

(2013). We will neglect the Faxén corrections, such that Ay, = u, By = (STR — 1) ][))—‘t‘
and M = Vu (recall, however, that our main results also hold in the presence of the
Faxén corrections).

For the parameters of the inertial particle, we let St = R/100 resulting in u =
100 (or € = 0.01). This corresponds to a small inertial particle (with respect to the
underlying flow) since by Eq. (5) the Stokes number is proportional to the square of the
particle’s radius. Three values of R are considered here: R = 2/3 (neutrally buoyant
particle, oy = pp), R = 1/3 (aerosol, py < pp)and R = 1 (bubble, ps > p,).Ineach
case, we release 15 trajectories with initial conditions yo uniformly distributed in the
domain [0.2, 1.8] x [0.2, 0.8] (i.e., yo € {0.2,0.6, 1.0, 1.4, 1.8} x {0.2, 0.5, 0.8}) and
identical initial relative velocities wo = (10, 10)T. We picked large initial velocities
in this example to show the algebraic decay of |w| more clearly.

We take the most conservative choices of the upper bounds Lp and Ly, i.e., Lp =
IBulloo and Lj; = ||[Myllo- For the neutrally buoyant particle, i.e., R = 2/3, By
vanishes identically, resulting in L 5 = 0. The norm ||My || 1S, however, independent
of R, and we have Lj; >~ 1.4237. Theorem 3 therefore implies that for a neutrally
buoyant particle, |w(z)| must decay to zero asymptotically, which agrees with our
numerical result (see Fig. 3a). Physically, this implies that the inertial particle trajectory
converges to a fluid trajectory. In the case of neutrally buoyant particles, the theoretical
envelope and the numerical solutions almost coincide. This is because for R = 2/3,
the two terms proportional to L p vanish in the estimate (18), apparently making the
upper bound close to optimal. A close-up view is shown in the inset of Fig. 3a.

Interestingly, for the neutrally buoyant particle, the evolution of the relative velocity
magnitude |w| seems to be independent of the initial positions yq as all 15 curves
coincide in Fig. 3a.

For the bubble (R = 1) and the aerosol (R = 1/3), we have Lp =~ 0.1207
and Ly =~ 1.4237. The resulting envelope (18) and the asymptotic upper bound
eLp/(1 — €Lyy) are also shown (red and black dashed curves, respectively) which
shows a perfect agreement with the numerical results. In plotting the envelopes, O(€?)-
terms are neglected. The numerical solutions come very close to the analytic envelope
of Theorem 3 (part (1)), indicating the tightness of the estimates.
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(a) 1o’

Fig. 3 Decay of the relative velocity magnitude |w(#)| for R = 2/3 (a), R = 1/3 (b) and R = 1 (¢).
The dashed red lines mark the analytic envelope from Theorem 3 part (i). The dashed black lines mark the
asymptotic upper bound of |w|, i.e., eLg/(1 — €L ). The initial value of |[w(?)] is 104/2 in all cases. In
order to focus on the asymptotics, we only plot the graphs for > 102 (Color figure online)

The upper envelope (18) depends on functions ¢ and ¥ which in turn depend on
the parameter k = +/9R/2. The parameter R is governed by the ratio between the
particle density p, and the fluid density p . As this ratio varies, the upper envelope
also changes. Owing to the algebraic transient decay of ¢ and v (see Fig. 2), however,
the envelope exhibits an algebraic decay regardless of the value of R. Figure 4 shows
the behavior of the upper envelope (neglecting O(e?)-terms) for the double gyre para-
meters and various values of R. For neutrally buoyant particle (R = 2/3), there is a
monotonic decay with the algebraic rate =3/, For other values of R, the envelope
decays to the asymptotic upper bound. There is still a transient algebraic decay whose
rate varies, depending on the parameter R, between r~ 7 and r—1-2.

4 Global Existence and Uniqueness

In this section, we prove the global existence and uniqueness of mild solutions to the
full Maxey—Riley equation (1) with the Faxén correction terms. In particular, we show
that the equivalent reformulation (16) admits unique mild solutions for all times, that
is, the integral equations (17) have a unique solution over R™.
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Fig. 4 Upper envelope (18), 1 [
neglecting O(e?)-terms, for

R =1/10 (blue), R =1/3 i~
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The existence of a unique local solution follows from Theorem 1. Specifically, the
integral equation (17) has a unique solution over the time interval [0, §¢/€), where §¢
is the same time window as in Theorem 1, with the € appearing due to the rescaling
t = to + €t as introduced in Sect. 2.4. For notational convenience, we let § = 6t /e.

As discussed in Sect. 2.3, the usual continuation methods used for ordinary dif-
ferential equations do not apply to fractional differential equations. Therefore, we
construct a specific continuation method suitable for the MR equation, which is based
on the continuation method presented in the work of Kou et al. (2012) for a different
class of fractional differential equations. We then show that this continuation can be
repeated indefinitely to extend the solutions to the time interval [0, co). Our approach
can be summarized in the following steps.

Step 1. Showing that the local solution of the integral equation (17), defined on [0, §),
is well defined at time T = 4.

Step 2. Defining a suitable integral operator F over an appropriate complete metric
space whose fixed points extend the local solution of (17) from [0, §) to
[0, 8 + h), for a suitable constant 2 > 0.

Step 3. Showing that the operator F has at least one fixed point.

Step 4. Showing that this continuation is unique.

Step 5. Showing that one canrepeat steps 1 to 4 indefinitely with the same continuation

window h. That is, the local solution of (17) can be continued uniquely to
RT.

The above steps prove the following global existence and uniqueness theorem.

Theorem 4 Assume that (HI) and (H2) hold and € < 1/Ly;. Then the MR equa-
tion has unique, continuous, mild solutions. That is, for any (yo, Wo) € R?" there
exists a unique, continuous function (y,w) : [0,00) — R satisfying (17) and
(y(0), w(0)) = (yo, Wo).
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4.1 Continuation of the Local Solution

Let us denote the local solution of the MR equation, whose existence and uniqueness
is guaranteed by Theorem 1, by Zjoc = (Y1oc, Wioc). We first begin by showing that this
local solution defined on [0, §) is well defined at T = 6.

Lemma 1 The local solution zioc : [0, 8) — R*" of the MR equation is well defined
at T = § and the limit lim,_, 5— Z1oc(7) is given by

Zioc (9)
= y0+6f(;3W10C(S)+Au(y10c(s),s) ds |
Y (8)wo + € f(flﬁ(é —5) [~Mu(Vioc (), $)Wioe () + Bu(Yioc (s), 8)] ds
(22)

Proof See “Appendix 3”. O

Let (Yioc, Wioc) : [0, ) — R?" be the local solution of (17) whose existence and
uniqueness is guaranteed by Theorem 1. Define

Y(t) = 110,6)(T)¥10c(T) + L5,54+n) (T)E(T), (23a)
w(T) = 1j0,8)(T)Wioc(T) + Lis,54n) (TIN(T), (23b)

where 14 : R — {0, 1} is the indicator function of the set A C R. Note that for
T € [0, §), (y, w) coincides with the local solution (yjoc, Wioc). Assuming (y, w) is a
continuation of this local solution to [0, § 4+ /), upon substitution in (17), we have

) T
N = yo + ¢ /0 Wioe(s) + Au(Fioe(s), 5) ds + ¢ /6 n(s) + Aw€(s), 5) ds,
)
E(r) = Y(t)wo + € /O Y (T — ) [~Ma(Fioe(5): )Wioe () + Ba(Fioe(s). )] ds

T
+e€ / Y (t =) [~Mua(E(s), $)n(s) + Bu(E(s), s)] ds,
3 24)
fort € 8,6 + h).

Therefore, (y, w) solves the integral equation (17) and hence is a mild solution of the
MR equation if and only if the integral equation (24) has a solution. To show that such
a solution exists, we solve the following fixed point problem. Let ® = (§,9) € X ‘;(h
Define the operator F : X%h — C([8,8 + h); R?™) by

(F®) (1) = @0 () + (6 Jin(s) + Au(E(s). 5) ds )

€ Js ¥(t —5) [-Mu(E(s), )n(s) + Bu(&(s),5)] ds
(25)
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where

P (7)
_ YO+€f(;SWIOC(S)+Au(y100(s),s) ds .
Y(0)Wo + € [ (T — 5) [~Mu(Fioe(s), $)Wioe () + Bu(¥ioc(s), 5)] ds
(26)

Note that ®( depends only on the local solution (yjoc, Wioc) Of the Maxey—Riley
equation and hence is independent of ®. We show that the operator F maps X 2}1 to
itself (with K and % to be determined) and has a unique fixed point.

4.2 Existence of the Continuation

Proposition 1 Assume that (HI) holds. There exist constants h, K > 0 such that the
operator F defined in (25) maps X i’h to itself and has at least one fixed point.

Proof For any h, K > 0 and ® € X‘;(’h the function F® : [5,8 + h) — R*" is
clearly continuous, that is, F® € C ([8, § + h); Rzn). We choose 4, K > 0 such that

F® c Xi’h,i.e., |IF®| s < K.To this end, note that forany 2 > Oand t € [§, § + h),
we have

5+h
|(F®)(7)] = [®o(7)] +€/{3 n(s)| + [Au(§(s), s)| ds
5+h

+€ (T —5) [IMu(E(s), s)n(s)| + [Bu(E(s), )] ds.

1)

Take the supremum over t € [§,8 + h) and use the bounds on ||My|lco, |Bullcos
[Aulloos [W(T)], ¥ lloo and [|9]]oo to get

§+h
[F@[loo < [[Pollco +€/5 Moo + [[Aulloo ds

S+h
—l—e/(s [IMulloolmllos + IBalloc] ds

< [|®olloc +€h (K +La)+€eh(LyK +Lp).

For
1

h< ——m8
~ 2e(Ly+1)
we have
K Lp+ Ly

F®|o < ||® —
IFP oo = [[®ofloc + 7 NEYTAvE)
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Since ® : [0, c0) — R?" is a continuous function, there exists 0 < K’ < oo such
that

|®@olloc ;== sup |®o(7)| =K’
S§<t<dé+h
Choosing
L L
K > |:K/ + u] ,
2(Ly +1)

we have |[F®| < K.
In short, with any 4, K > 0 satisfying

1 L L
h< —— K:K/—i—g, 27)
2¢ (Lyy + 1) 2(Ly +1)

the operator F maps X ‘;h to itself.

To prove the existence of a fixed point for the operator F : X %h — X %h , We use
Schauder’s fixed point theorem:

Theorem 5 (Schauder’s Fixed Point Theorem) Let X be a real space, D C X non-
empty, closed, bounded and convex. Let F : D — D be a continuous, compact
operator. Then F has a fixed point.

The space X ?f is nonempty, closed, bounded and convex. Therefore, to apply
Schauder’s fixed point theorem, it remains to show that F : X ?J’ — X 2}’ is continuous
and compact. For this, we need the following lemma.

Lemma 2 The operator F is continuous and maps X %’h to a family of equicontinuous
functions in X %h.

Proof The proof of the continuity of F : X ‘;(h —- X ‘;h is straightforward and is

therefore omitted here. We prove the equicontinuity of its range in “Appendix 4”. O

By Arzela—Ascoli theorem, therefore, the operator F : X i(’h - X ‘;(’h is compact.
Hence, F satisfies all the conditions of Schauder’s theorem and has at least one fixed
point. This concludes the proof of Proposition 1. O

4.3 Uniqueness of the Continuation

We now show that the continuation constructed in Sects. 4.1 and 4.2 is unique.

Proposition 2 Assume that (H1) and (H2) hold and € < 1/Ly;. There exists h > 0
such that the continuation (24) of the local solution of the MR equation is unique.

Proof Suppose (y1, wi) and (y2, w») are two different continuations of the local solu-
tion of (17) from [0, &) to [, 5 + h). That is

Yi(t) = 10,8)(T)¥10c(T) + Lis,s4m) (T)E1(T), Wi(T)
= L0,5)(T)Wioc(T) + 15,540 (T)N1(7),
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and

¥2(t) = 110,6)(T)¥10c(T) + Li5,54n)(T)E2(T), Wa(T)
= 1j0,5)(T)Wioc(T) + Ls,50n) (T)N2(7),

where, as discussed in Sect. 4.1, (§;, n;) solves the integral equations

§i(D) _ Jini(s) + Au&i(s), 5) ds )
(m(r)) = Po(r) +e ( [0 (r — 5) [=MuE:(5). )0 (5) + Bu(€i (). 5)] ds ) °
28)
fori € {1, 2}.

Define ®; = (§;,n;) and bound |®; — ®;| by

5+h
|®1(7) — ®2(7)] < 6/5 n1(s) —n2()| + [Au(E1(s5), 5) — Au(E2(s), 5)| ds

§+h
”/5 ¥ (x — )] ((MaE1(5), 9)(@1(5) — 72())]

+ [m2()[IMu1(s), 5) — Mu(§2(5), $)]) ds,

S8+h
+ 6/5 1Y (t — $)IBu(§1(s),s) — Bu(§2(s), s)| ds,
(29)
where we wrote [My(§1(s), s)n1(s) — Mu(&2(s), s)n2(s)| as

My (§1(s), s)(m1(s) —n2(s)) + Mu(E1(s5), 5) — Mu(E2(s), 5)) n2(5)I.

Since (y;, w;) solves the MR equation [0, § 4+ &), inequality (19) applies and we
have

lwo| +€Lp .
IMillooc := sup [ni(x)|< sup |wi(7)]| < ———, i€{0,1}.
S<T<8+h 0<t<8+h I —€Ly

Taking the supremum over T € [§, § + h) on both sides of (29) and using the above
upper bound on ||9; ||c0, We get

[ @1 — ®2lloc < €h[Lclnt —M2lloo + LellE1 — &2l
+eh[Lylnt —n2llco

|wo| +€Lp
+ L, (— 1 —&lloo + LellEr — 2110 |
I—GLM

wo| + €L
<2he |3L.+ Ly + L, |0|—B |[®1 — P2 oo-
1—€eLy

Taking & > 0 small enough, one obtains ||®] — ®||cc < %H(I)l — @) || oo Which,

in turn, implies the uniqueness of the solution: ®; = ®;. The time window 4 can for
instance be chosen as
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| 1 1
h = — min (30)

2 E(LM—FI)’26[3LC+LM+LC(IW0|+ELB)] ’

I—GLM

which also respects the inequality (27). With this &, therefore, the continuation (24)
is unique. O

Remark The above analysis is a contraction mapping argument. It is, therefore, tempt-
ing to use the Banach fixed point theorem (instead of the Schauder’s fixed point
theorem) in order to obtain the existence and uniqueness of the continuation (24) at
once. The Banach fixed point theorem, however, does not apply here. This is because in
proving the above contraction property, we made use of inequality (19) which applies
to the mild solutions of the MR equation. As a result, it was necessary to show the
existence of continuation (24) first. Otherwise, inequality (19) does not apply and the
estimates used in the above contraction argument fail.

So far we have proved the existence of a unique mild solution to the MR equation
over the time interval [0, § + &) with & given in (30). The steps taken in Sects. 4.1,
4.2 and 4.3 can be applied to this extended local solution to prove the existence and
uniqueness of a mild solution over the time interval [0, § + 2k). This is because the
continuation window # is independent of the constants K and § from the complete
metric space X ih

Applying this argument repeatedly extends the mild solution of the Maxey—Riley
equation from its local interval of existence and uniqueness [0, §) to [0, §+nh], for any
n € N. Thus the solution can be extended uniquely to [0, 00). This proves Theorem 4.

S Summary and Discussion

Motivated by the recent observations on the relevance of the memory effects on inertial
particle dynamics, we have derived global existence and asymptotic decay results for
the Maxey—Riley equation in the presence of the Basset—-Boussinesq memory term.
This memory term, a fractional derivative of order 1/2 (Daitche (2013), Farazmand
and Haller (2014)), greatly complicates the analytical and numerical treatment of the
equation. While the behavior of the solutions has been well understood in the absence
of the memory term (Rubin et al. 1995; Mograbi and Bar-Ziv 2006; Haller and Sapsis
2008; Sapsis and Haller 2010), no global analytic results have been available for the
full equation with memory.

We have proved that the solutions converge asymptotically to a trapping region
where the particle velocity is O(€)-close to the fluid velocity. Here, € is proportional
to (a/ L)? where a is the particle radius and L is the characteristic length scale of the
fluid flow. This result holds for 0 < € < 1 small enough which translates intoa < L
(see Theorem 3 for the exact statement of the assumption). This assumption is not
restrictive since the MR equation is only valid under the very same condition a < L
(Maxey and Riley 1983).

We also derived an upper envelope for the transient dynamics. This envelope
exhibits an algebraic decay to the asymptotic state, hence confirming the numeri-

@ Springer



J Nonlinear Sci (2015) 25:1225-1255 1243

cal observations of Daitche and Tél (2011), Guseva et al. (2013) and Daitche and Tél
(2014) in a more general framework. We showed with an example that this envelope
can be saturated and therefore our upper estimates are sharp.

Upon neglecting the memory term, the convergence to the asymptotic limit is
exponential (Rubin et al. 1995; Mograbi and Bar-Ziv 2006; Haller and Sapsis 2008).
Therefore, the Basset—Boussinesq memory fundamentally alters the behavior of the
inertial particles and cannot be readily neglected. From a mathematical point of view,
the memory term also fundamentally changes the structure of the equation. In the
absence of memory, the Maxey—Riley equation is an ordinary differential equation,
generating a dynamical system. The memory term turns the equation into an integro-
differential equation that does not generate a dynamical system.

Our asymptotic results are only applicable if the Maxey—Riley equation possesses
global solutions. Because of the particular coupling and nonlinearity of the equation,
available results on fractional differential equations do not guarantee the existence
and uniqueness of global solutions to the Maxey—Riley equation. To this end, we have
included here the first proof of the existence and uniqueness of global solutions to the
Maxey—Riley equation. As already pointed out by Farazmand and Haller (2014), the
particle velocity is not differentiable at the initial time but is continuous for all times.

Acknowledgments We would like to thank Anton Daitche for his help with implementing the numerical
scheme of Daitche (2013).

Appendix 1: Proof of Theorem 2

Consider the fractional differential equation

dw n d'?w
— K—
dt dt!l/?

with w(0) = wq as initial condition. Let W(s) = (L [w]) (s) denote the Laplace
transform of w (7). Since

(ﬁ [Z—VTV]) (s) = sW(s) —wo
(Lo

the Laplace transform of the Riemann—Liouville derivative in (31) has the expression
d'?w 1 tdw 1 1 wo
(c[Fm) o =z Fr=e) o= ([ #])e
(o] ) e M
- =@ ol F) o %
Wo

1
= (sW(s) — wo) 7 + 7

+w=0, (31)

and
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= VsW(s),

where we used the identity

d [T w(s) Tow(s) w(0)
— ds = ds + .
dr Jo /T —35 0 VT —Ss JT
Now we use the Laplace transform on (31) and solve for W(s) to get
W (s) ll
§) = —.
s+ura/s +1
The denominator can be factorized as
Wo
W(s) = :
(V54 0) (V540
where
(K + Vil = 4)
Ay = 2 .

Hence the general solution of (31) is

1

cwo) = wo l £ .
w(T; Wo) = o(ﬁ [(x/?JrM) (\/§—|—k_)})() (32)

The function w(t; wo) is proportional to the Mittag-Leffler function of order 1/2,
which is defined as )
E1/2 (—Z) = ¢° erfc Z (33)

for any complex number z € C (see, e.g., Bateman et al. 1955, Section 18.1). The
Laplace transform of E/; is given by (see Haubold et al. 2011, Eq. 11.13):

1
(L[E12 (—av2)]) () = NANET)] (34)

for any a € C.

To study the behavior of £y /> (—z) as z — 00, we will make use of the asymptotic
expansion of the complementary error function (Abramowitz and Stegun 1972, Eq.
7.1.23):

2

f (- L3 0! (35)
erfc z ~ - —+ — —1)-
¢ N 222 474 z8

Substituting in (33), we obtain

1 1 3 1
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The asymptotic expansion of erfc z is valid only if |arg (z)] < 3T” (Abramowitz and
Stegun 1972). It also diverges for any finite value of z; its sole purpose is to give the
rate of decay as z — oo.

The general solution will depend on whether the discriminant of A4, i.e., K2 —4,
is positive, zero, or negative.

Casel:k > 2 (R > 16/9)

We have
W

W= (Vs+ip) (Vs +4)

or, after some algebra,

A

W0 |: Ay - }
A= | s(Vs+ry) s(Us+ro) |

W(s) =

Invert the two terms in the above expression with the rule (34) to get

Wo

w(T; Wo) = o — [A+E1/2 (—244/T) = A—E1p2 (—A-/7)]. (37)

Since k —+/k? — 4is always greater than zero, we can use the asymptotic expansion
(36) to find that in the limit T — o0,

( ) Wo 1 1 1
w(T; wg) ~ -
O = | Ve 2321

_\/71? (1 B 2A12_t) +0O (T_S/Z)} :

(38)
o m (BR) e
27 Oy — A\ 2222 ’
kW0 Y 32 —5/2)
(Zﬁ ) o).
where we used that Ay +A_ =xand AyA_ = 1.
Case2:k =2 (R =16/9)
We have w
s
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or, after a bit of algebra,

1 1
s W‘)(ﬁwﬂ D 5(VEt 1)2)

:Wo(m +2% (ﬁ1+1))'

We can invert the first term in (40) with (34). The second term can be inverted by
using the Laplace transforms (Gorenflo and Mainardi 1997, Equations A.27, A.28

(40)

and A.35.)
1 1

(5 [\/? —Eip (—«/?)D (s) = N (41)

and p
(L= @D (5) = (LIFODE). (42)

Thus the inverse Laplace transform of (39) is

21T

w(T; Wo) = Wy |:E1/2 (—\/?) (1+27)— T{T_] . (43)

With the asymptotic expansion (36), we find that in the limit T — oo,

w(T; Wo) ~ Wy [; (1 1 + 3 L0 (1—3))

JrT 2t 412
2.7 13 NN
F (o) 5] e

[ Yo -3/2 -5/2
(_ﬁ) T + O (‘L’ )
Case3:0 <k <2(R <16/9)

We have
0

(V57 (5 )

This is the same Laplace transform as in the case k > 2, except that A and A_ are
now complex conjugate numbers. The inverse Laplace transform is the same as (37):

W (s) =

W wo) = o [ B (/D) = A Eip (A VE)]@9)

The quotients
Ay

1 ) K
T -
Ap — A 2( 4—/<2)
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A 1 i K
F— N ] —
Ay — Ao 2 4 — 12

in (45) are also complex conjugates. Since (ew) = (e%) and erfc w = erfc w for every
w € C, it follows also that £/ (w) = E1/2 (w). Thus

and

w(T; W) = Wo [(ﬁEl/z (—Mﬁ)) + (ﬁEl/z (—M«/?))}

or simply twice the real part of w(z; wo).

A
w(T; wo) = 2woRe (k—+AE1/2(_k+ﬁ)) ,

+__

= 2w |:Re (ﬁ) Re (E12 (—21+/7)) (46)
+ Im (ﬁ) Im (E1/2 (—)wr«/?))} :

It is possible to further simplify (45). It turns out that the Mittag-Leffler function
E1 /2 (—z) may be written as (DLMF, Section 7.19)

4t .
Eip (—Z)=\/;[U(x,l)+zv(x,t)], “47)
where
1 00 ,—(x+s)?/(41)
U (x,1) = / s (48)
LV At —00 1 + S2
1 00 ¢ p—(x+5)%/(41)
V() = / s, (49)
Vart J -0 1452
z = =X v € R, and t > 0. The functions U (x,t) and V (x, t) are known as the

2Vt
Voigt functions (DLMF, Section 7.19; Olver et al. 2010). If we set

1—ix

=
2Vt

K 4 — 2
=A+ﬁ=(§ +iT)\/?,

then we can solve for x and ¢ to get

=
2
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and
4 — 2
X =—
K
Thus
2 4 -2 1
E —X = Ul — ,
172 (—h4V/7) KJTT |: K /czr)
(50)
( 4—x2 1 )}
—iV] - » =3
K K*T
Hence (46) can be written as
( ) 2W0 U 4—/{2 1
w(T; Wo) = - )
N a k2T
(51)

K 4 —k?2 1
- L y(- , .
4 — 2 K k2T

For the asymptotic behavior of w(t; wp) as T — 00, we can repeat the steps as in
the case x > 2 and obtain

w(T; W) ~ (%) 3240 (,L,—S/Z) . (52)

This asymptotic expansion, however, is justified only if |arg (A+ JT ) | and |arg ()\.+ JT ) |
are smaller than 37”. Since A+ = (/c +iv4— K2) /2, we see that this will be the case

whenever k > 0, since then 0 < arg (A+ﬁ) < 7 and —% < arg (A_ﬁ) < 0 (to
see this, note that the two complex numbers A and A _ lie to the right of the imaginary
axis, so that the argument cannot be greater than v /2). Note that since k = /9R/2,
the required condition k¥ > 0 is always satisfied.

Appendix 2: Proof of Theorem 3

We will use the following Gronwall-type inequality.

Lemma 3 (Chu and Metcalf 1967) Let the functions a, B : R™ — R be continuous
and the function K (t, s) be continuous and nonnegative for 0 < s < t. If

a(x) < B(z) +/r K (z, $)as) ds,
0
then

a(r) < B(r) + / H(z, $)B(s) ds,
0
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where H(t,s) = Zj’;l Kj(z,s), Ki(r,s) = K(z,s) and

Kj(T,S)=/ Kj—1(r,§)K(&,5)ds, j=2.

Corollary 1 If K(t,s) = k(t — s), then one can show that K j(t,s) = k;(t — s)
where

ki(t) =(kxk*---*xk)(1),

where the convolution is j-fold. As a result, H(t,s) = h(t — s) where
oo
h(t) =D kj(1).
j=1

Proof We prove K>(t,s) = k x k(t — s). The rest follows similarly by induction.

K> (z,s) :=/ K(t,85)K(§,s) d§

_ / K(r — E)K(E —s) d&

N

=/O k(r =5 — mk(n) dy
=kxk(t —s) = ky(t — ),

where we used the change of variable n = & — s. O

Proof of Theorem 3 1t follows from the integral equation (17) that

IW(T:¥0, Wo)| = ¥ (T)|wol +€Lp (1 — (7)) +6LM/0 ¥ (T —s)|W(s: yo, Wo)| ds

(53)
where 7 € [0, §). Using Lemma 3 with a(t) = |w(t; yo, Wo)|, B(t) = ¥ (T)|wo| +
eLp(l —¢(r))and K(z,s) = eLyy(r —s), we get

|W(T;y0, Wo)| < ¥ (7)|wo| +€eLp (1l —¢(7))

+/O h(z — ) (¥ (s)|wol + €Lp (1 — $(1))] ds
= |:1p(r) —I—/O h(t — )Y (s) dsi| lwol +€Lp (1 —¢(7))

+e€Lp /T h(t —s) (1 —¢(s)) ds, (54)
0
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where h(t;€) = z;’ozl kj(t) withky = €Ly and kj = kj_1 * k. Induction on j

leads to the expression
kj

Therefore we have the identity

Y (D) +/ h(z — )y (s) ds
0

= (eLy) ™.

ki(s)
S
€Ly

ds

1
ELM

ki(t)
ELM

_|_

Z/Tkj(r — $)ki(s) ds
j=1"0
> o

Jt1
GLM i

—1

ki(t)
GLM

+

o0

> kj(o)

M i=1

1
€L

1
GLM

h(t),

where we omitted the dependence of 4 on the parameter € for notational simplicity.
This shows that

|Wol

W Yo, WOl < 0 h(e) €L (1 = 4(x) +eLB/ ht — ) (1— $(s)) ds.

0
(55)
Since 0 < ¢(7) < 1, we have that (1 — ¢ (7)) < 1 and therefore the inequality can be
further simplified to

W
w(z: o, wo)| < ol
el

h(t)+eLB[1—¢(t)]+eLB/ h(s)ds.  (56)
M 0

So far we have assumed that the series 23’;1 ki = > % (eLy) ¥*/ converges
uniformly to a limit /. To prove this, we first show that for any j and ¢ > 0,0 <
¥*/ () < 1. For j = 1, this property holds since 0 < ¢ < 1. For j = 2, we have

0 < y*(r) = /r Yt —s)¥(s)ds < /T Ys)ds=1—-¢() <1
0 0

By induction on j, we get 0 < w*j(r) < 1.Asaresult, (eLy)/¥* < (eLy)’. Since
€Ly < 1, the series Z;‘;l(eL wm )’ converges. It follows that

GLM

—_— 57
I—ELM ( )

h(T)] < D (L) =

j=1
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by summing up the geometric series. By the dominated convergence theorem, the
sequence Z’}-zl(eL m)’ ¥* converges uniformly to a function & as n — o0. Since

for any n, the series Z’;Zl(EL wm)/¥*/ is continuous, so is the limiting function #.
This shows that /4 : [0, c0) — R is continuous and & > 0.
Now, observe that

| nerds = [ S eranivic g
0 0o =

=Z(eLM)f | i s (58)

o0

elL
z GLM)] — —M’
— 1—€LM

where we used the uniform convergence of the series and the fact that, for any j,

(/ w*“’—“@ds) (/ w<s>ds)
0 . 0

T J .
§~--§(/0 w@)ds) _(1—¢@) <1,

[A

0 < /0 Y (&) de

by repeated application of Young’s inequality for convolutions. This also shows that
h(t) - 0as t — oo, since |h|; < oo and £ is uniformly continuous.
Using inequality (58) in (56) and the definition of 4, we get

2

|Wol € LyLp
|W(z;y0, Wo)| < —h(f) +eLp(l—¢() + —7F (59)
eL 1— GLM
2
i : € LMLB
= wol Z(eLM)J () | +elp (1= ¢(0) + ———.
iz 1— GLM
(60)
This proves part (i) of the theorem.
Taking the sup of |w(t; yg, wo)| over [0, §), we get
|wol +€Lp
sup |w(z;yo, Wo)| < ————, (61)
0<t<$§ 1 —€eLy

which proves part (i1) of Theorem 3.
If § = oo, then we can take the limitsup of |w|. Using inequality (59), we get the
asymptotic estimate

L
lim sup |w(7; yo, €~B (62)

wo)| < ———,
T—>00 1—€LM
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which proves part (iii) of Theorem 3. Here, we used the fact that lim;_, o, A(7) = 0
and lim; .~ ¢(7) = 0. O

Appendix 3: Proof of Lemma 1
Let 71, 72 € [0, 8). Bound |Zjoc(72) — Zioc(71)| bY

1Z10c (T2) — Zioc (T < [¥10c(T2) — Yioc (T + [Wioc(T2) — Wioe (T1)]

< Iwollyr(z2) — (e + e/ Wioe ()] + [Au(ioe(s), 5)] ds

+ e / 02 = ) [Maloc(s), )1 Wioe )

+ BuYioe). 9] ds

b [T = = v = ol [Mais(0). ) wics)
+ Bu(1oc(s). )I] ds

Without loss of generality, suppose 71 < 12, so that |y (12 — 5) — ¥ (11 — 5)| =
Y (12 —s)— (11 —s). Taking the infinity norm over [0, §) to bound || My (Y10c(5), $) |l 0os
1Bu(Yioc(5), $) lloos |Au(Yioc(s), $)lloo and [Wioc (s)| by Theorem 3, we get

|wo| +€Lp
|Zioc (T2) — Zioc (T1)| < |WollY(2) — ¥ (T1)| +€ | La+ m |T2 — 11

+e [LM|WO|+LB} (|t2—r1|+/ llﬁ(fl —5) —Y(r2 — ) dS)-
0

I—GLM

By the results of Theorem 2, ¥/ (1] —s) — ¥ (12 — 5) = ¢’ (12 — 5) — ¢'(11 —5) > 0.
Integrate and rearrange to obtain

L
1Z10c (T2) — Zioc (T1)| < |WollY (12) — Y (T1)| + € (LA + M) T2 — 71

1—6LM
L L
L mlwol + Lp
1—€LM
. Lilwo| + Lo
1 —elq

} (I2 — 1l + @(72) — @ (71))
] (@) —p(r2 — 1)) .

Since both ¥ and ¢ are uniformly continuous over [0, co) by Theorem 2, each of
Y (12) — ¥ ()l [p(r2) — ¢ (z1)] and [¢(0) — ¢(z2 — 71)| = O as [, — 71| — O.
Hence |zioc(12) — Zioc(T1)] = O as 71, o — 6_.

Now, if we take a sequence {t,,} t, € [0, §) such thatlim,_, . t, — &, thenitfollows
that {z1oc(#,)} is a Cauchy sequence. The sequence is convergent in R?" since R?" is
a complete metric space. The limit is given by the integral equation (16) evaluated at
T =94
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_[ Yote fOSWk)C(S) + Au(Yioc(s), s) ds
Zioc(6) = P .
Y (8)wo+e fo Y(t —s) [_Mu(y100(5)7 $)Wioc(s) + Bu(Yioc (5), S)] ds

This ends the proof.

Appendix 4: Proof of Lemma 2

Let ® = (§,7) € X", and 7, 72 € [8, 8 + h). Bound | (F®)(12) — (F®)(1))| by

|(F®)(12) — (F®)(71)] < [®o(12) — Po(T1)] +6/ In(s)| + [Au(E (s), 5)| ds
+€/ V(2 —5) [IMu(E(s), )lIn(s)| + Bu(E(s), )[] ds

+ 6/;1 V(12 =) — ¥ (t1 — ) [IMu(E(s), )In(s)]
+ Bu(&(s), $)I] ds,
where
|®o(12) — @o(T1)| < [Woll¥(2) — ¥ (T1)]
+ 6/08|¢(72 —5) = ¥ (r1 = )| [Mu(Vioc(s), $)||Wioc ()]
+ [Bu(Yioc(5), 5)|] ds.

Without loss of generality, suppose 71 < 12, so that [/ (1 —s) — ¥ (1 —5)| = ¥ (12 —
s) — ¥ (t; — ). Taking the infinity norm over [, § 4+ &) to bound |[My (& (s), $) |l 00>
Bu(§(s), $)lloos [Au(E(s), $)lloos [M(s)loc and [Wiec(s)| by inequality (19), we get

|((F®)(12) — (F®)(71)| < [Wol|¥(12) — ¥ (71)]
)
te (LM|W°| +LB)/ V(T —5) — ¥ (1) — 5) ds
0

1— GLM
+e(K+La)lo —ni[+e(LyK +Lp) |2 — 11|

+e(LyK —i—LB)/ llﬁ(n —5) —Y(rp —s) ds.
3

By the results of Theorem 2, ¥ (1) —s) — ¥ (12 —5) = ¢’ (12 — 5) — ¢’ (11 — 5) > 0.
Finally, integrate and rearrange to obtain

|(F®)(r2) — (F®)(z1)| < [woll(z2) — ¥ (11|

L L
te ( "i'w"' i B) [(¢ (11 — 8) — p(12 — b))
— GLM

+ (¢(12) — @ (71))]
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+e(K + L)ty — 71| +e(LyK + L) |1 — 11
+e(LyK + Lp)[(¢(0) — ¢(12 — 11))
+ (¢(12 —8) —p(T1 —0))].

Since both ¥ and ¢ are uniformly continuous over [0, c0) by Theorem 2, each of

¥ (r2) =¥ (T, [@(72) — P (T, [P (71 =) — P (z2—d)| and [¢ (0) — P (T2 —71)| — O
as |tp—11| — 0.Hence |(F®)(12) — (F®)(t1)| — Oas|to—11| — 0. This shows that
F maps X i{h to a family of uniformly equicontinuous functions in C([8, § + h) ; R2m),
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