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Viscous-viscoelastic correspondence principle for Brownian motion
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Motivated by the classical expressions of the mean-square displacement and the velocity autocorrelation
function of Brownian particles either suspended in a Newtonian viscous fluid or trapped in a harmonic potential,
we show that for all timescales the mean-square displacement of Brownian microspheres with mass m and
radius R suspended in any linear, isotropic viscoelastic material is identical to the creep compliance of a linear
mechanical network that is a parallel connection of the linear viscoelastic material with an inerter with distributed
inertance mg = ¢'z. The synthesis of this mechanical network leads to the statement of a viscous-viscoelastic
correspondence principle for Brownian motion which simplifies appreciably the calculations of the mean-square
displacement and the velocity autocorrelation function of Brownian particles suspended in viscoelastic materials
where inertia effects are non-negligible at longer timescales. The viscous-viscoelastic correspondence principle

established in this paper by introducing the concept of the inerter is equivalent to the viscous-viscoelastic analogy

adopted by Mason and Weitz [T. G. Mason and D. A. Weitz, Phys. Rev. Lett. 74, 1250 (1995)].

DOI: 10.1103/PhysRevE.101.052139

I. INTRODUCTION

In microrheology, the macroscopic frequency and time-
response functions of linear viscoelastic materials are ex-
tracted by monitoring the thermally driven Brownian motion
of probe microspheres suspended within the viscoelastic ma-
terial and subjected to random forces. The thermal fluctua-
tions of the suspended probe particles have been monitored
either with diffusing wave spectroscopy [1-5] or with laser
interferometry [6—10] with nanometer spatial resolution and
submicrosecond temporal resolution. In their seminal paper,
Mason and Weitz [1] derived an expression that relates the
complex dynamic modulus Gy.(s) of the viscoelastic mate-
rial surrounding the probe microspheres with the Laplace
transform of the mean-square displacement (AZ?(s)) of the
suspended microspheres with mass m and radius R. While the
original Mason and Weitz [1] expression includes an inertia
term, it was noted that it is negligible in the applications of
interest except at very high frequencies. Accordingly, subse-
quent publications [3,8,11-13] neglected the inertia term s>
and concentrated on the relation in the frequency domain
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where s is the Laplace variable, N € {1, 2, 3} is the number of
spatial dimensions, K is Boltzmann’s constant, and 7 is the
equilibrium temperature. By noting that the Laplace transform
of the creep compliance Jy.(7) (strain history due to a unit
step stress) is L{Jye(t)} = fooo Joe(e ™S dt = sg;.(s)’ Xu and
co-workers [4,5] presented the relation in the time domain
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which relates the mean-square displacement (A?(t)) of the
suspended Brownian particles with the creep compliance
Jye(t) of the viscoelastic material within which the Brow-
nian particles are suspended. Palmer et al. [4] and in a
subsequent paper Xu et al. [5] acknowledged that Eq. (2)
neglects inertia effects and indicated that for the limiting
case of Brownian motion of microspheres in a Newtonian
fluid with viscosity n, Eq. (2) predicts the classical Einstein
[14] result (Ar%(t)) = A;If[’;{ %t, since the creep compliance
of the Newtonian viscous fluid is Jy.(t) = %t [15]. Clearly,
Eq. (2) yields the classical Einstein [14] result, valid for
longer timescales, because the inertia term ms? in the original
Mason-Weitz [1] equation was neglected. At short timescales
[9,10,16], when ¢ < ﬁ = 1, the Brownian motion of sus-
pended particles is influenced by the inertia of the particle
and the surrounding fluid and Einstein’s “long-term” result
was extended for the entire time regime by Uhlenbeck and
Ornstein [17]
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where T = 67:”_Rn is the dissipation timescale of the perpetual

fluctuation-dissipation process.

The quantity in square brackets on the right-hand side of
Eq. (3) which accounts for inertia effects is a time-response
function that is different from the creep compliance of the
surrounding Newtonian viscous fluid Jy.(¢) = %t. In the fol-
lowing section we show that the creep compliance J(¢) =
L — (1 = e7/™)]is the creep compliance (retardation func-
tion) of a linear network where a dashpot with viscosity 7 is
connected in parallel with an inerter with distributed inertance

m
mR—(m—R.
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FIG. 1. Inertoviscous fluid which is a parallel connection of an
inerter with distributed inertance my with units [M][L]~' and a
dashpot with viscosity n with units [M][L]~'[T]~". In analogy with
the traditional schematic of a dashpot that is a hydraulic piston,
the distributed inerter is depicted schematically with a rack-pinion-
flywheel system [26].

II. INERTOVISCOUS FLUID

The equation of motion of Brownian microspheres with
radius R and mass m, suspended in a Newtonian viscous
fluid with viscosity n when subjected to the random forces
fr(t) that originate from the collisions of the fluid molecules
on the Brownian particles (microspheres) is described by the
Langevin equation [18-20]

du(t)
m— = = —¢vu(t) + fr(1), 4)
t
where v(t) = % is the particle velocity and {v(¢) is a vis-

cous drag force proportional to the velocity of the Brownian
particle. For a memoryless viscous fluid with viscosity 7, the
drag coefficient is given by the Stokes law ¢ = 6w Rn [21].
Upon dividing with the mass m of the particle, Eq. (4) assumes
the form

dv@®) 1 ()
a 0= ®

_m_

where 7 = &Ry The random excitation fr(#) has a zero
average value over time (fz(¢)) = 0, while for the memory-
less viscous fluid that only dissipates energy, the correlation
function contracts to a Dirac delta function [22]

(fr(t)fr(t2)) = AS(t) — 1), (6)

with A a constant that expresses the strength of the random
forces.

Given the random nature of the excitation force fz(z), the
Langevin equation (5) can be integrated in terms of ensemble
averages in association with Eq. (6) and the mean-square dis-
placement of particles suspended in a viscous fluid is offered
by Eq. (3) [17,23]. The synthesis of the proposed macroscopic
mechanical network is suggested from the left-hand side of
the Langevin equation (5), which consists of an inertia term
and a viscous term acting in parallel to balance the random
force fr(t). Accordingly, we examine the frequency and time-
response functions of the inertoviscous fluid shown in Fig. 1

which is a parallel connection of a dashpot with viscosity 7,
with an inerter with distributed inertance mg [24,25].

An inerter is a linear mechanical element for which, at
the force-displacement level, the output force is proportional
only to the relative acceleration of its end nodes (terminals)
[24-27] and complements the set of the three elementary me-
chanical elements, the other two elements being the traditional
elastic spring and the viscous dashpot. In a force-current—
velocity-voltage analogy, the inerter is the mechanical analog
of the electric capacitor and its constant of proportionality is
the inertance with units of mass [M]. For instance, a driving
spinning top (with a steep lead angle) is a physical realization
of an inerter, since the driving force is only proportional to
the relative acceleration of its terminals. At the stress-strain
level, the constant of proportionality of the inerter shown
schematically in Fig. 1 is the distributed inertance my with
units [M][L]~! G.e., Pas?).

Given the parallel connection of the dashpot and the inerter
shown in Fig. 1, the constitutive law of the inertoviscous fluid
is

dy(t) d*y ()
mg .
dt dr?
The Laplace transform of Eq. (7) gives

(s) = G(5)y (5) = (ns + mgs”)y (s), ®)

where G(s) = ns + mgs® is the complex dynamic modulus.
The complex dynamic compliance of the inertoviscous fluid
given by Eq. (7) is

J(s) = L : LY LN ©
VTG0 T asrmes T a\s  s+1)

where T = m;_;R is the dissipation time, which is the timescale
needed for the kinetic energy stored in the inerter with dis-
tributed inertance my to be dissipated by the dashpot with
viscosity 1. For the inertoviscous fluid described by Eq. (7)
and the Brownian-particle-Newtonian-fluid system described
by the Langevin equation (5) to have the same dissipation time

T =2 = " the distributed inertance of the inerter needs

n ~ 67Rp’
to assume the value mg = -%.

The Laplace transform of the creep compliance J(¢) is the
complex creep function C(s) = L{J(t)} = fooo J()e S'dt =
@ [4,28,29]. Upon dividing Eq. (9) by the Laplace variable
s we obtain

e =28 - l[i - ;]

() =n (N

R

1|1 1 1
=Sz s T) | (10)

The inverse Laplace transform of Eq. (10) offers the creep
compliance of the inertoviscous fluid

J@t) = L7HCs) = %[t — (1 —¢e7M). (11)

By comparing the results of Eqgs. (3) and (11), the mean-
square displacement (Ar?(¢)) of Brownian microspheres with
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radius R suspended in a memoryless viscous fluid with viscos-
ity n is given by

NKgT
37R

The creep compliance J(¢) appearing on the right-hand side
of Eq. (12) is not the creep compliance Ji(t) = %t of the
viscous fluid within which the microspheres are suspended
as is approximated by Eq. (2) proposed in [4,5]; rather it is
the creep compliance of the inertoviscous fluid schematically
shown in Fig. 1 and expressed by Eq. (11). The inerter
connected in parallel with the viscous dashpot accounts for the
inertia effects on the Brownian-microsphere—Newtonian-fluid
system which prevail at short timescales [16,17,23]. As time
increases, Eq. (12) reduces to Eq. (2), leading to the classical
result (Ar?(1)) = "720 1 derived by Einstein [14], which
involves only the viscosity of the surrounding Newtonian
fluid.

(AFA (1)) = J(@). (12)

III. BROWNIAN MOTION OF A PARTICLE IN A
HARMONIC TRAP

The Brownian motion of a particle in a harmonic trap
when excited by a random force f(¢) has been studied by

J

2NKpT

(AF* (1)) =
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where N € {1, 2, 3} is the number of spatial dimensions, K is
the Boltzmann constant, T is the equilibrium temperature of

the medium-particle system, and wp = wy,/ 1—(2(‘}0[ )2 is the

damped angular frequency of the trapped particle.

The quantity in large square brackets on the right-hand side
of Eq. (15) is a time-response function and by following the
reasoning that introduced the inertoviscous fluid in Sec. II,
we are in search of a solidlike mechanical network whose
creep compliance J(¢) is of the form of the right-hand side
of Eq. (15). Again, the synthesis of the linear mechanical
network is suggested from the left-hand side of the Langevin
equation (14), which consists of an inertia term, a viscous
term, and a restoring term acting in parallel to balance the ran-
dom excitation fz(#). Accordingly, we examine the frequency
and time-response functions of the inertoviscoelastic solid
shown in Fig. 2 which is a parallel connection of a spring with
elastic shear modulus G, a dashpot with viscosity 7, and an
inerter with distributed inertance mg [25]. Given the parallel
connection of the three elementary mechanical idealizations
shown in Fig. 2, the constitutive law of the inertoviscoelastic
solid is

B dy(t) | d*y()
T(t)=Gy@)+n T + mg I (16)
The Laplace transform of Eq. (16) is
1) =Gy () = (G+ns +mesPy(s), (1)

1_ —t/2t t
5 |: e cos(wpt) + Yeom

Uhlenbeck and co-workers [17,23]. The equation of motion
of a microsphere with mass m in a harmonic trap with viscous
damping subjected to a random excitation force fx(¢) is
d*r(t) dr(t)
Mm——" 4+ ——= + kr(t) = fr(t),
yEaRE (1) = fr()
where r(t) is the particle displacement, ¢ % is a viscous drag
force, and kr(t) is a linear restoring force proportional to the
displacement of the Brownian particle r(¢). Upon dividing by
the mass of the particle m, Eq. (13) gives

dzr(t) 1dr(t)
dt? T dt

13)

+ a)(z)r(t) =

Iet), (14)
m

where 7 = % = 67;’;71 &
is the undamped natural angular frequency of the trapped
particle. For wgt > % the system described by Eq. (14) is
underdamped, for wyt = % the system is critically damped,
and for wpt < % the system is overdamped.

The mean-square displacement of a Brownian particle in
a harmonic trap has been evaluated by Wang and Uhlenbeck
[23] after computing the velocity autocorrelation function of
the random process described by Eq. (14). For the under-
damped case (wg7 > %)

1. )}
sin(wpt) | |,
T

is the dissipation time and wy =

15)

(

where G(s) = G + ns + mgs? is the complex dynamic modu-
lus, while the complex dynamic compliance is

1
J() = G(s) -G + ns + mpgs?
1 1
= 2 27 (18)
MR (s + 5:)" + wg — (37)
7 G
| W
Z
Z
Y n
| »17(7)
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FIG. 2. Inertoviscoelastic solid which is a parallel connection of
an inerter with distributed inertance mg, a dashpot with viscosity 7,
and a linear spring with elastic shear modulus G.
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n ~ 67Ry

where again t = is the dissipation time and wg =

/5 is the undamped rotational angular frequency of the iner-
mg

toviscoelastic solid. For the inertoviscoelastic solid described
by Eq. (16) and the Brownian particle in a harmonic trap
described by the Langevin equation (13) to have the same un-

damped natural frequency wg = /m% = \/g = wy, the shear
modulus needs to assume the value G = %k. Given that
mgr = MLR, the elastic shear modulus of the inertoviscoelastic
solid described by Eq. (16) is G = £, where k is the spring

67R’
constant of the harmonic trap appearfng in Eq. (13).

J

67 R

3
wy

J(t) =

is

1\ L 2
Za)Rr) = o 1_(2w01:) the

damped angular frequency. In deriving Eq. (20) we used
mp = ¢=. By comparing the results of Eqgs. (15) and (20),
the mean-square displacement (Ar?(t)) of a Brownian

where wp = wg,/1 — (

J

2
mawyg

206)) —
INKsT (Arf(t)) = GJ(1)

1
=1 —e_’/ZT{ cos |:a)()‘L' 1-— (
2w0T

[1 —e (cos(th) +
2tw

;

The Laplace transform of the creep compliance J(¢) is

the complex creep function C(s) = fooo J()e dt = @ and
Eq. (18) yields
J(s)
C(s) = - = L{J ()}
11 1
=—= (19)

2
R

S (s+5) +op = ()
The inverse Laplace transform of Eq. (19) offers the creep
compliance (retardation function) of the inertoviscoelastic

solid described by Eq. (16) [30],

(20)

I
s1n(a)Dt)>],
D
[

microsphere with radius R in a harmonic trap (Kelvin-Voigt
solid) is given again by Eq. (12), where now J(¢) is the creep
compliance of the inertoviscoelastic solid given by Eq. (20).

In a dimensionless form Eq. (15) or (20), which is for the
underdamped case (wyT > %), is expressed as

t

T

B

] n
2wpT4/ 1

1 . 1
5 sin |:a)0‘L' 1-— (2600[
- (2 1 )

woT

For the overdamped case (wgt < %), the normalized mean-square displacement of a Brownian particle in a harmonic trap is

2
(A1) = GI()

ONKsT
1 \2
1 —e /7t { cosh [wor (—) —
2wT

For small values of the dimensionless product wyt (weak
spring), Eq. (22) at early times contracts to the solution for
the Brownian motion of a particle in a Newtonian viscous fluid
since the inertia and viscous terms dominate over the elastic
term

ok

23
2NKpT @3)

(Arz(t)) = (CUOT)2|:£ —1+ e—t/r:|'

Equation (23) is obtained after multiplying both sides of
Eq. (3) with a)(z) and replacing % with (”jni. Figure 3 plots
the normalized mean-square displacement given by Egs. (21)
and (22) as a function of the dimensionless time % for various

values of wyt = ﬁg = M together with the results

U
from Eq. (23) for values of wyt = 0.2 and 0.3.

t

T

e

IV. STATEMENT OF THE CORRESPONDENCE
PRINCIPLE FOR BROWNIAN MOTION

1 . 1
= sinh | wyt o
1 ) -1 wpT

2w0T

[\

(

The preceding analysis leads invariably to Eq. (12) re-
gardless of whether the Brownian particles are suspended
in a memoryless Newtonian fluid or a Kelvin-Voigt solid.
The proposed correspondence principle for Brownian mo-
tion is partly motivated by the classical work by Lee [31],
who established a correspondence principle between elas-
tic and viscoelastic stress analyses. Given the linearity of
viscoelastic constitutive laws, their time dependence is re-
moved by applying the Laplace transform and this enables
the response analysis of a viscoelastic problem in terms
of the solution of an associated elastic problem. With the
elastic-viscoelastic correspondence principle established by
Lee [31], the extensive literature in the theory of elastic-
ity can be utilized for solving problems in viscoelasticity
[32-34].
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FIG. 3. Normalized mean-square displacement of a Brownian
particle in a harmonic trap for the underdamped wyt > %, critically
damped wyt = %, and overdamped wyt < % cases which is equal
to GJ(t) of the inertoviscoelastic solid shown in Fig. 2. For the
overdamped cases (weak spring) at early times, the time-response
functions of the Brownian particle in a harmonic trap coincide with
the corresponding time-response functions of a Brownian particle in

a viscous fluid with viscosity 7.

The Laplace transform of Eq. (12) gives

NKgT 1
Ar? = —_, 24
(Aris)) = =5 G0) (24)
where G(s) = ﬁ is the complex dynamic modulus of the

linear network shown on the right-hand side of Fig. 4, which
is a parallel connection of the linear viscoelastic material
with an inerter with distributed inertance mg = ¢. Given

Linear, Isotropic
Viscoelastic Material

112

Reference
Position

Brownian motion of particles
(microspheres) with mass m and
radius R in a linear, isotropic
viscoelastic material subjected to
random forces. M=number of
probe microspheres.

the parallel connection, the complex dynamic modulus of
the linear network G(s) is the superposition of the complex
dynamic modulus of the linear viscoelastic material within
which the Brownian particles are immersed, Gy.(s), and the

complex dynamic modulus of the inerter equal to mgs® =
RS
G(5) = Gues) + s’ (25)
6 R
Substitution of Eq. (25) into Eq. (24) gives
NI AL L— 26)

3TR s[Gue(s) + gags®]

For the classical case of Brownian motion of particles in a
memoryless Newtonian viscous fluid with viscosity 7, the
Laplace transform of Eq. (3) gives

NKpT 1

AP (s)) = .
(AT*(s)) 7R s(ns + 2 5%)

27

Given that Gy(s) = nye(s)s, where 7y.(s) is the complex
dynamic viscosity of the linear isotropic viscoelastic material,
the direct analogy between Egs. (26) and (27) leads to the
following viscous-viscoelastic correspondence principle for
Brownian motion: The mean-square displacement (Ar2(z)) of
Brownian particles with mass m and radius R suspended in
a linear isotropic viscoelastic material (fluid or solid) due to
the random forces from the collisions of the molecules of the
viscoelastic material is identical to Iglf;}{ y(t), where y(t) =
J(t) is the strain due to a unit step stress on a viscoelastic
network that is a parallel connection of the linear viscoelastic
material (within which the particles are suspended) and an
inerter with distributed inertance mg = .

The velocity autocorrelation function of the
Brownian particles wO)v@)) = (v(EW(E +1)) =
limy_ o % fOT v(&)v(€ +1)dE€ is related to the mean-square

Linear, Isotropic
Viscoelastic | 1
Material 7(7)
>
t
— ) (0)=J(1)

S __m_
R 6nR

NK,T

FEEI OO = (Ar(0) =510

FIG. 4. Statement of the correspondence principle for Brownian motion. The mean-square displacement (Ar?(¢)) of Brownian particles
(microspheres), with mass m and radius R suspended in some linear isotropic viscoelastic material when subjected to the random forces from

the collisions of the molecules of the viscoelastic material, is identical to
a viscoelastic network that is a parallel connection of the linear viscoelastic material and an inerter with distributed inertance m, =

NKgT
37R 4

(1), where y (t) = J(t) is the strain due to a unit step stress on

_m_
67R "
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displacement (Ar?(t)) in the Laplace domain via the identity

2

L{w ()} = (vO0)v(s)) = (Ar (). (28

Substitution of Eq. (24) into Eq. (28) gives

O = TS = o)
7R G(s) 67 R n(s)

where 7(s) is the complex dynamic viscosity of the mechan-
ical network shown on the right-hand side of Fig. 4. The in-
verse of the complex dynamic viscosity is known in rheology
as the complex dynamic fluidity ¢(s) = nm r((j; [35,36]
and relates a strain-rate output to a stress input. Accordingly,
Eq. (29) is expressed as

(w(O)v(s)) =

(30)

In structural mechanics, the equivalent of the complex dy-
namic fluidity at the velocity-force level is known as the
mechanical admittance or mobility [37]. For the inertoviscous
fluid shown in Fig. 1, the complex dynamic fluidity derives
from Eq. (9),

poy=— =t L _L 1 = g

Q(S) n(s)  n+mes  mgs+ L

and according to the proposed correspondence principle as
expressed by Eq. (30), the velocity autocorrelation function
of Brownian particles suspended in a Newtonian viscous fluid
is

NKpT 1 1

(WOv(s) = 5 s T L

(32)

and that
= %, the inverse Laplace transform of Eq. (32)

By using that the distributed inertance is mg = z7%
n __ 67Ry
mg T m
gives
NKgT

m

et (33)

<v(0>v(r)>=]$£"{ ! }=

1
s+r

which is the expected result for the velocity autocorrelation
function of Brownian particles suspended in a memoryless
viscous fluid [17].

The inverse Laplace transform of the complex dynamic
fluidity £7'{¢(s)} = ¥ (¢) is the impulse strain-rate response
function defined as the resulting strain-rate output at time
t due to an impulsive stress input at time & (§ <t). Ac-
cordingly, an alternative statement of the viscous-viscoelastic
correspondence principle for Brownian motion uncovered in
this study is that the velocity autocorrelation function of
Brownian microspheres with mass m and radius R suspended
in some linear isotropic viscoelastic material, when subjected
to the random forces from the collisions of the molecules of
the viscoelastic material, is

(WO () = (34)

6R

where ¥ (t) = L7{¢(s)} is the impulse strain-rate response
function of the mechanical network shown on the right-hand
side of Fig. 4.

The impulse strain-rate response function of the inertovis-
coelastic solid shown in Fig. 2 was recently derived by Makris
[25],

V() = l[cos(tz)—lLsm(tz)] —/orz - (35)
27:a)D

mg

where wp is the damped angula.r frequency as defined follow-
ing Eq. 20)and t = ”;]R = Grg;- By using that mg = g7 the
substitution of Eq. (35) into Eq. (34) yields that the velocity
autocorrelation of Brownian particles trapped in a harmonic
potential is

(v(O)(@))
_ NKT

11
|:cos(a)Dt) ~ 37 sin(a)Dt)i| e 102 (36)
D

and the classical result derived by Wang and Uhlenbeck [23]
is recovered.

The main advantage of the proposed correspondence prin-
ciple that is illustrated in Fig. 4 is that it is valid for all
timescales, while the action of the random forces fz on the
Brownian particles is replaced with the action of a unit step
stress T7(t) = U(t — 0) on a linear viscoelastic network. This
remarkable analogy reduces the mathematics involved for the
solution of the stochastic generalized Langevin equation to the
time-response analysis of a deterministic linear network.

From Eq. (26), the complex dynamic modulus G, (s) of the
viscoelastic material within which the Brownian particles are
suspended is given by

NKsT 1 m
- s
37R s(Ar3(s)) 6mR

Equation (37) was derived by Mason and Weitz [1] by follow-
ing a different approach.

gve (S) =

(37

V. COMPARISON WITH THE MASON-WEITZ
DERIVATION

Mason and Weitz [1] employed dynamic light scattering
to measure the mean-square displacement of probe particles
(Ar*(t)) and related it to the complex dynamic modulus
Gye(s) of the viscoelastic fluid within which the particles are
suspended. Given the viscoelastic behavior of the complex
fluid, the motion of a particle is described by the generalized
Langevin equation [38,39]

dv(t)

/ ¢t = &H(€)dE + fr(1), (38)

where m is the particle mass, v(z) is the particle velocity, and
fr(t) are random forces acting on the particle. The integral
in Eq. (38) represents the drag force on the particle as it
moves through the viscoelastic fluid and accounts for the
fading memory of this drag due to the elasticity of the fluid.
The elastic component of the fluid influences the temporal
correlations of the stochastic forces acting on the particle;
therefore, in this case Eq. (0) is replaced with

(fr(1)fr(0)) = KgT'5(r —0), (39)

where ¢(t —0) is the relaxation kernel of the convolution
appearing in the generalized Langevin equation (38). Mason
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and Weitz [1] calculated the mean-square displacement of
the suspended particles in the Laplace domain by making the
assumption that the Stokes result for the drag coefficient on a
moving sphere in a memoryless viscous fluid { = 67 Ry [21]
can be generalized to relate the complex dynamic viscosity
of the viscoelastic material ny(s) = @ to the impedance
of the Brownian particle-viscoelastic material system Z(s) =

L{t(t)} = [y c(t)edt,

Gve(s)  Z(s)
T 67R’

Nye(s) = (40)

By adopting Eq. (40), Mason and Weitz [1] derived Eq. (37).
A rigorous derivation of Eq. (40) will require the solution
of the appropriate three-dimensional continuum mechanics
equations around the microsphere moving within the vis-
coelastic material. In the Mason and Weitz [1] study, the
mechanical behavior of the surrounding viscoelastic material
was the unknown, so this challenge was bypassed by adopting
a viscous-viscoelastic analogy where the Stokes law, when
expressed in the Laplace space F(s) = 6xRnvu(s), can be
generalized to F(s) = 6w Rny.(s)v(s) with Eq. (40). This
physically motivated viscous-viscoelastic analogy adopted by
Mason and Weitz [1] is equivalent to the viscous-viscoelastic
correspondence principle illustrated in Fig. 4, which was
conceived herein after observing the mathematical structure
of Egs. (3) and (15) in association with the concept of the
inerter.

The viscous-viscoelastic correspondence principle for
Brownian motion simplifies appreciably the calculations of
the mean-square displacement and of the velocity autocorrela-
tion function of Brownian particles suspended in viscoelastic
materials where inertia effects are non-negligible at longer
timescales as in the case of Brownian particles suspended in a
Maxwell fluid.

VI. BROWNIAN MOTION WITHIN A MAXWELL FLUID

The Brownian motion of particles suspended in a Maxwell
fluid with a single relaxation time A = £, when subjected
to the random forces fz(¢), is described by the Langevin
equation (38), where the relaxation kernel ¢ (r — &) is [38—40]

C(t — &)= 6TRG(t — &) = 6mRGe™/M=5)  (4])
where Gyo(t — £) = Ge~(@/M=%) i the relaxation modulus
[stress due to a unit-amplitude step strain y(t) = U(t — 0)]
of the Maxwell fluid [15]. Equation (38) in association with
Eq. (41) leads to the temporal evaluation of the particle’s
velocity autocorrelation functions [40] from which the mean-
square displacement (Ar2(t)) can be computed [41].

In this section the mean-square displacement of Brownian
particles suspended in a Maxwell fluid is calculated with the
correspondence principle summarized in Fig. 4. Accordingly,
the problem reduces to the calculation of the creep compliance
of a Maxwell fluid with shear modulus G and viscosity n
that is connected in parallel with an inerter with distributed
inertance mg = ¢ as shown in Fig. 5.

The total stress 7(t) = 71(t) + 12(¢) from the linear net-
work shown in Fig. 5 is the summation of the stress output

L ()= U(1-0)

rack

—() =J()

pinion
. m
flywheel mp = m

FIG. 5. Mechanical analog for Brownian motion in a Maxwell
fluid. It consists of the Maxwell fluid with shear modulus G and vis-
cosity n that is connected in parallel with an inerter with distributed
inertance my = 2

67R "

from the Maxwell element 7;(¢),

ndu@)  dy()

t — = , 42
a®)+ G dt 1 dt (42)
and the stress output from the inerter 7, (¢),
d*y (1)
1) = . 43
o(t) = mg e (43)

The summation of Egs. (42) and (43) together with the time
derivative of Eq. (43) yields a third-order constitutive equation
for the linear network shown in Fig. 5,

ndr(t) _ dy() d*y(t) | nmg &y ()
t — = L
r()+G dt T ar o dr? G dr’
(44)
By defining the dissipation time t = mTR = 67?1_Rn and the
rotational angular frequency wg = m% = %, Eq. (44)
assumes the form
1 dz(t)
t _—
r+ Ty dt
ldy@) dy@) 1 dy@)
= — — . 45
mR(r a T are Ty dr )

The Laplace transform of Eq. (45) gives y(s) = J(s)t(s),
where J (s) is the complex dynamic compliance of the linear
network shown in Fig. 5,

1
1+ fwis

_ A0S
S 96 T mes(i s+ os?)

J(s) (46)

In addition to s = 0, the other two poles of the complex
dynamic compliance 7 (s) given by Eq. (46) are

2

5= =2 e [(C2Y 1 = —an(p - VE D)
2 2 7
and
2
==t - (%)2 — 1= —wp(B+/B2 - 1),
(48)
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where g = % = 27],/6”;7% is a dimensionless parameter of

the linear network and of the Brownian-particle—Maxwell-
fluid system. By virtue of Egs. (47) and (48), the complex
creep function C(s) = @ = foo J(t)e™*'dt is expressed as

ey = IO _ 1[1_ 26 -1 1) 1
W=="=3e (4ﬂ,/ﬁ2 )S(s—-sw

+_< 287 —1 1) 1 ] 49)
48 /BT =1 2)ss—s) ]
For the case where = 5% > 1 (stiff spring), the inverse

Laplace transform of Eq. (49) gives

I = L7C) = ’”—f(% - @{ -1

e 2/0p? 48 B sinh (2 2 )
BV B*—
[t (2o
+ (48% — 1) cosh <2%,8\/ﬂ2 — 1)] }) B >1,

(50)

whereas for the case where f = 5% < 1 (flexible spring) the

creep compliance of the network shown in Fig. 5 is
_ mg(t
0) {C)) n2<r W{ p

3
— @72(1/.[))52 [w—w sin (25}3 \% 1 - ﬂ2>

+ (48% — 1) cos (2%/3\/1 — ﬂZ)]D B <1.
(51)

By employing the correspondence principle for Brownian
motion, the mean-square displacement of Brownian particles
suspended in a Maxwell fluid with elasticity G and viscosity 1
is given by Eq. (12), where now J () is offered by Eq. (50) or
(51). Figure 6 plots the normalized mean-square displacement
for Brownian motion in a Maxwell fluid

ISR N2y = ) (52)
R L
mNKgT mg

as a function of the dimensionless time £ for various values
of p=Tox = L oG _ 1 /G
For values of B < 1, the shear modulus G is weak; there-
fore, the inertia effects are more pronounced. In this case the
mean-square displacement shown in Fig. 6 exhibits a reversal
of curvature as the dimensionless time § increases, while
for selective values of B (say, 8 = 0.1 and 0.2) it exhibits
a plateau [41]. This distinct behavior at time regimes which
m

are orders of magnitude larger than v = Gk is due to the

inertia effects and cannot be captured by the approximate
equation (2) proposed in [4,5] since the creep compliance
of the surrounding viscoelastic Maxwell fluid is merely a
linear function of time Jy.(t) = l + 1t with # > 0. As the

value of B = 3% increases (stlffer G) the inertia effects are

suppressed and the normalized mean-square displacement of

40

120 plz\te‘au
350 ot B :—ﬂ;"”: 0.1 |
o B=TgR=01
= 80
=~ 30r §
~ | X 60
S
Il 251 050 40 [m 80 1004
—~ L
= 0p 5= ’”B’R —02 plateau g
> 2 __TWR _ «
\q/ ) e =5 = 2.0
- 15+ o v f
= &m B =T5=1.0 e
R TWR -
oo 1o B= ) =04 LA i
k= s T T
o2 (s
—| =~ 5+ \0“\.3(\ 4
N N
0 ! L
0 2 4 6 8 10 12 14 16 18 20
t
p

FIG. 6. Normalized mean-square displacement of Brownian par-
ticles suspended in a Maxwell fluid with shear rnodulus G and

mG.

viscosity n for various values of the parameter f = 5.,/ &% =

1 ‘/”TRI . For values of 8 < 1 (weak spring), the inertia effects are
more pronounced and the mean-square displacement curves exhibit
a reversal of curvature as time increases together with a plateau (the
inset shows f = 0.2at £ ~ 12and = 0.1 at £ ~ 90).

Brownian particles suspended in a Maxwell fluid tends to that
of Brownian/particles suspended in a Newtonian viscous fluid:
L—14em,

The velocity autocorrelation function of Brownian parti-
cles suspended in a Maxwell fluid is offered by Eq. (34),
where ¥ (t) = L7 {¢(s)} is the impulse strain-rate response
function of the mechanical network shown in Fig. 5. The com-
plex dynamic fluidity ¢(s) = 5 ( 5 of the mechanical network
shown in Fig. 5 derives directly from Eq. (46),

~

s+ Twp
o(s) = _—R
mg (s = s1)(s — $2)”
where the poles s; and s, are given by Egs. (47) and (48). For
the case where § = 22 > | (stiff spring), the inverse Laplace

2
transform of Eq. (53) gives

() = L7 Hp(s)) = mie_z(r/’)ﬁ2 [cosh (22,3@)
R

t
\/%sinh (2—ﬂ\/ﬂ2—1):|, ,3 > 1, (54)
_ T
whereas, for the case where g = *5% < 1 (flexible spring),

the impulse strain-rate response function of the mechanical
network shown in Fig. 5 is

vt) =L o)) = mie‘”’/”ﬁz[cos <2§W1 — ﬂ2>
R

t

+ \/%sin (2—,3\/1 - /32)], B <1. (55)
_ T

By employing the correspondence principle for Brownian

motion, the velocity autocorrelation function of Brownian

particles suspended in a Maxwell fluid with elasticity G and

viscosity 1 is given by Eq. (34), where now v (¢) is offered

(53)

+
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= mp(t)

(v(0)v(2))

NKgT

m

FIG. 7. Normalized velocity autocorrelation function of Brown-
ian particles suspended in a Maxwell fluid with shear modulus G

and viscosity 1 for various values of the parameter 8 = —1/ G

67R —
1 */”TRI . For values of 8 > 1 (stiff spring), the velocity autocorrela-
tlon curves tend to the velocity autocorrelation function of Brownian
particles in a Newtonian viscous fluid, e/,

by Eq. (54) or (55). Figure 7 plots the normalized velocity
autocorrelation function for Brownian motion in a Maxwell
fluid

NK,T (VOO (1)) = mry (1). (56)
As the value of 8 = % increases (stiffer G), the normalized
velocity autocorrelation function of Brownian particles sus-
pended in a Maxwell fluid tends to that of Brownian particles
suspended in a Newtonian viscous fluid, e /T,

VII. BROWNIAN MOTION WITHIN A SUBDIFFUSIVE
MATERIAL

Most materials exhibit both viscous and elastic behavior.
For such materials the thermally driven motion of embed-
ded microspheres reflects the combined viscous and elastic
contributions which are revealed in the time evolution of the
mean-square displacement and the velocity autocorrelation
function as shown in Figs. 6 and 7 for the case where the
probe microspheres are suspended in a Maxwell fluid. Several
complex materials exhibit a subdiffusive behavior where from
early times and over several temporal decades the mean-
square displacement grows with time according to a power
law (Ar?(t)) ~ t%, where 0 < a < 1 is the diffusive exponent
[4,5,42].

Early studies of the behavior of viscoelastic ma-
terials that their time-response functions follow power
laws have been presented by Nutting [43], who no-
ticed that the stress response of several fluidlike ma-
terials to a step strain decays following a power law
T(t) = Gye(t) ~t7%, with 0 < o < 1. Following Nutting’s
observations and the early work of Gemant [44,45]
on fractional differentials, Scott Blair [46,47] pioneered

the introduction of fractional calculus in viscoelasticity.
In analogy to the Hookean spring, in which the stress is
proportional to the zeroth derivative of the strain, and the
Newtonian dashpot, in which the stress is proportional to
the first derivative of the strain, Scott Blair and co-workers
[46—48] proposed the springpot element, which is a mechan-
ical element in between a spring and a dashpot with the
constitutive law
dy (1)
) = ta— o
where « is a positive real number 0 < o < 1, p, is a phe-
nomenological material parameter with units [M] [L]-'[T]*2
(i.e.,Pas®), and & y(” is the fractional derivative of order o of
the strain history y(t).
A definition of the fractional derivative of order « is given
through the convolution integral

0<a<l, (57)

IFy(t) = @)
where I'(«) is the Gamma function. When the lower limit
c =0, the integral given by Eq. (58) is often referred to
as the Riemann-Liouville fractional integral [49-52]. The
integral in Eq. (58) converges only for o > 0, or in the case
where o is a complex number, the integral converges for
R(x) > 0. Nevertheless, by a proper analytic continuation
across the line R(«) = 0 and provided that the function y (¢)
is n times differentiable, it can be shown that the integral
given by Eq. (58) exists for n — R(«) > 0 [53]. In this case
the fractional derivative of order o € R¥ exists and is defined

as
d*y (1) — () = 1 Loy®)

dre C D) Jo- (1 =§)H!

f (t — &) 'y ()de, (58)

dé, o eRT,

(59)
where R is the set of positive real numbers and the lower
limit of integration 0~ may engage an entire singular function
at the time origin such as y(#) = §(t — 0) [22]. Equation
(59) indicates that the fractional derivative of order o of
y(t) is essentially the convolution of y(¢) with the kernel

li(ua]) [49-51,54]. The Riemann-Liouville definition of the
fractional derivative of order @ € R™ given by Eq. (59), where
the lower limit of integration is zero, is relevant to rheology
since the strain and stress histories y(¢) and t(¢) are causal
functions, being zero at negative times.

The relaxation modulus [stress history due to a unit-
amplitude step strain y (1) = U (¢t — 0)] of the springpot ele-
ment (Scott Blair fluid) expressed by Eq. (57) is [55-60]

1
Gye(t) = tg————1t7%, >0, 60
ve(t) = 1L T'(l—a) > (60)
which decays by following the power law initially observed
by Nutting [43]. The creep compliance (retardation function)
of the springpot element is [56—59]

1 1
Joot) = ———1% 1t 20. 61
ve(?) Tt a) > (61)
The power law t* appearing in Eq. (61) renders the elementary
springpot element expressed by Eq. (57) (Scott Blair fluid), a
suitable phenomenological model to study Brownian motion
in subdiffusive materials.
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The Brownian motion of a microsphere suspended in a
subdiffusive material whose viscoelastic behavior is approx-
imated by the Scott Blair (springpot) element with relaxation
modulus Gy, (t) given by Eq. (60) is described by the Langevin
equation (38) where the relaxation kernel ¢ (t — &) is [61,62]

1 1
I —o) @ —£&)
(62)

and the Langevin equation assumes the expression

dv(t)
m

(t—&)=6nRG(t — &) =06mRL,

! 1 1
6, [ s e = i)

(63)
When the order of differentiation in Eq. (57) is o = 1, the
springpot element becomes a Newtonian dashpot with p, =
1 = n, while the kernel ﬁ(l G becomes the Dirac
delta function §(¢ — 0) according to the Gel’fand-Shilov [63]
definition of the Dirac delta function and its integer-order

derivatives
d"s(t —§&) 1
dr T(=n) (t — £y
where Nj is the set of positive integers including zero. Ac-

cordingly, for the limiting case where o = 1, the convolution
in the Langevin equation (63) reduces to the Stokes term

withn € No,  (64)

67 Ry / l 8(t — £Yv(£)dE = 6mRnu(t) (65)
.

and Eq. (63) contracts to Eq. (4). At the other limit where
o = 01in Eq. (57), the springpot element becomes a Hookean
spring with elastic shear modulus p, = o = G, while the
kernel 75 (1) = 5)0 = 1. Accordingly, for the limiting case where
o = 0, the convolution in the Langevin equation (63) reduces
to

6JTRG/ v(§)dé = 6mRGr (1), (66)
0

where r(¢) is the displacement of the microsphere and
6w RG = k is the spring constant of the restoring force on
the microsphere [7]. In this limiting case (¢ = 0), Eq. (63)
describes the Brownian motion of the particle in a harmonic
trap with zero damping [see Eq. (13) with ¢ = 0].

With reference to Eq. (58), the convolution integral appear-
ing in Eq. (63) is the fractional integral of order 1 — o of the
velocity history; therefore, the Langevin equation (63) can be
expressed in a compact form

dv()

+ 6T Rpo I (1) = fr(t), (67)

which is the antlclpated result given the fractional derivative
constitutive equation (57) of the surrounding viscoelastic ma-
terial.

The mean-square displacement of a Brownian particle
suspended in the fractional Scott Blair fluid described by
Eq. (57) was evaluated in [61,64] after computing the velocity
autocorrelation function of the random process described by
Eq. (63),

ONKpT 67 R Lq
(AP (1)) = TBzZE“,3<—”—“r2—“), (68)

m

where E, g(z) is the two-parameter Mittag-Leffler function
[65,66]

o]

Zj
=Z,—, a, B > 0. (69)
J

E(x,ﬁ(z) — F(JO[ +,3)

Herein the mean-square displacement of Brownian particles
suspended in the fractional Scott Blair fluid described by
Eq. (57) is calculated with the correspondence principles
summarized in Fig. 4. Accordingly, the problem reduces to the
calculation of the creep compliance of the springpot element
described by Eq. (57) that is connected in parallel with an
inerter with distributed inertance mg = ¢ as shown in Fig. 1
in which the dashpot is replaced with a springpot. Given
the parallel connection of the springpot and the inerter, the
constitutive law is

“y@) d*y (1)

+
e + mp 2 o eR™. (70)

The Laplace transform of Eq. (70) gives y(s) = J(s)t(s),
where J (s) is the complex dynamic compliance of the linear
network

J(s) =

(1) = Ua

1 1

G(S)  Has® +mgs®  mps® (s27 + £e)

: (7D

therefore, the complex creep function C(s) = fooo J()e sdt
of the springpot-inerter parallel connection is

J) 1 1

- m_RSot+l(s27a + rl:l_;)

C(s) = (72)

The inverse Laplace transform of Eq. (72) is evaluated with
the convolution integral [30]

J@) = LC(s) = /0 f@t —&)h(€)dE, (73)
with
e 1 o
fo =L {mR sl } T omp D1+ ot)t 74)
and
_ 1 —a Mo 2y
ht) = L liw} =1 E2a,2a<_m_Rt2 )

(75)

where E, g(z) is the two-parameter Mittag-Leffler func-
tion defined by Eq. (69). The function h(¢) expressed by
Eq. (75) is also known in rheology as the Rabotnov function
g1 a(=A, 1) =t17YEy 42 o(—At>"%) [54,67]. Upon substitu-
tion of the results of Egs. (74) and (75) into the convolution
given by Eq. (73), the creep compliance of the springpot-
inerter parallel connection is merely the fractional integral of
order 1 + « of the Rabotnov function given by Eq. (75) [68],

1
0= Ti+a)
a l—a Ha
/(r EYEE, ( o ga- )dé
_ iﬂEz_a,3(_&t2 ) (76)
meg mg
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FIG. 8. Normalized mean-square displacement of Brownian par-
ticles suspended in a fractional subdiffusive Scott Blair fluid with
material constant 1, with units [M][L]![T]*~2 for various values of
the fractional exponent 0 < o < 1 as a function of the dimensionless

time (Z‘;tz )@= where my = 2 and T = o

By comparing the results of Eqs. (68) and (76) after using
mg = ¢z, the mean-square displacement (AF?(1)) of Brow-
nian particles suspended in a subdiffusive fractional fluid is
given again by Eq. (12), where now J (¢) is offered by Eq. (76).
Figure 8 plots the normalized mean-square displacement for
Brownian motion in a subdiffusive Scott Blair fluid

67 Ry, 2/(2—a) A2t N 2/(2—a)
R mAr @) _ ( Ha med (1) (77)
m INK,T  \mg

as a function of the dimensionless time (l‘fT:tz‘“)l/ 2= with
mg = for various values of the fractional exponent o €
RT.

For the limiting case where o = 1, the Scott Blair subd-
iffusive fluid becomes a Newtonian viscous fluid with u, =

w1 = n and Eq. (68) reduces to
) t
Eiz\—= | (78)
T

with 7 = = o . By virtue of the recurrence relation of the two-
parameter Mlttag -Leffler function [65,66]

_m_
67 R

(AF(1) = 2NKBTt

1 1
Eqyp(2) = : Eypo(z) = ————. (79)

LB —a)
Equation (78) simplifies to

2NKBTn[1 _ El,z(—f)]. (80)
m T

By using the identity E; o(—%) = £(1 — e7"/7) together with
T =3 R 51mpl1ﬁes to Eq. (3). Figure 8
reveals that the mean-square displacement curves of Brownian
particles suspended in a subdiffusive material (0 < o < 1)
follow the curve for Brownian motion in a Newtonian viscous

(AP (1)) =

fluid until time ¢t &~ 3t and subsequently reverse their curva-
ture to follow the power law (£)* [4,5,42].

The complex dynamic fluidity ¢(s) = % of the
springpot-inerter parallel connection derives directly from
Eq. (71),

s 1 si—e

¢(s) = = WTRW’

0<a <.
Q(S) UeS® + mps? *

81)

The inverse Laplace transform of Eq. (81) is evaluated with
the convolution integral given by Eq. (73) where

1 1 d'8(t —0)
¢ =£_1 e -
f( ) {mRs } mg dtl-«
1 1 1

“mrciro e

and h(t) is given by Eq. (75). Substitution of the results of
Egs. (82) and (75) into the convolution given by Eq. (73), the
impulse strain-rate response function of the springpot-inerter
parallel connection is merely the fractional derivative of order
1 — « of the Rabotnov function given by Eq. (75),

1
V() = L7 ()} =

mp T(—1 +a)
' 1 l—a Ha 201)
_ Er gool—— d
Xfo (—epas e? < e )
e, <_&,2—a), (83)
mpg mpg

By employing the correspondence principle for Brownian
motion, the velocity autocorrelation function of Brownian
particles suspended in a subdiffusive Scott Blair fluid with
material constant p, is given by Eq. (34), where now v (¢)
is offered by Eq. (83). This result is in agreement with the
result for the velocity autocorrelation function presented by
Lutz [61]. Figure 9 plots the normalized velocity autocorrela-
tion function as expressed by Eq. (56) for Brownian motion
in a subdiffusive Scott Blair fluid as a function of the di-
mensionless time (ffl—‘;tz“")l/ @) with mg = g2 for various
values of the fractional exponent & € R*. For the limiting
case where o = 1, the Scott Blair subdiffusive fluid becomes
a Newtonian viscous fluid with ua = u; =n and Eq. (83)
contracts to ¥ (¢) = mLREl( L )= e~'/7; therefore, Eq. (56)
yields the result for the veloc1ty autocorrelatlon function given
by Eq. (33). For the other limiting case where o = 0, the Scott
Blair fluid becomes a Hookean solid with ua = ,bL() G and
Eq. (83) contracts to ¥ (t) = mlREz( w 12) = L cos(wgt),

mpg

where wp = ./-<. The cos(wgt) periodic response is in agree-
mg

ment with the results for Brownian motion in an undamped

harmonic potent1al (n =0) given by Eq. (35) after setting
1_ 67 R —n _

T m mg
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FIG. 9. Normalized velocity autocorrelation function of Brown-
ian particles suspended in a fractional subdiffusive Scott Blair fluid
with material constant p, with units [M][L]~![T]*~? for various
values of the fractional exponent 0 < o < 1 as a function of the
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VIII. SUMMARY

This paper builds upon past theoretical and experimental
work on Brownian motion and microrheology and uncov-
ers that for all timescales the mean-square displacement of

Brownian microspheres with mass m and radius R suspended
in any linear isotropic viscoelastic material is identical to the
creep compliance of a linear mechanical network that is a
parallel connection of the linear viscoelastic material with an
inerter with distributed inertance mg = 5. The synthesis of
this mechanical network simplifies appreciably the calculation
of the mean-square displacement and the velocity autocorrela-
tion function of Brownian particles suspended in viscoelastic
materials where inertia effects are non-negligible at longer
timescales as is the case of a Maxwell fluid. The viscous-
viscoelastic correspondence principle established in this paper
after introducing the concept of the inerter is equivalent to the
viscous-viscoelastic analogy suggested by Mason and Weitz
[1], while it extends the work of Palmer et al. [4] and Xu et al.
[5] for all fluidlike and solidlike viscoelastic materials at all
timescales.

The proposed correspondence principle was employed to
calculate the mean-square displacement and the velocity au-
tocorrelation function of Brownian particles suspended in a
fractional subdiffusive Scott Blair fluid and concludes that for

m

times ¢ > 3t = 5, the mean-square displacement reverses
7Ry

its curvature and follows the power law (’;)"‘, as was shown
in the experiments reported in the literature [4,5,42]. The
study concludes that for Brownian particles suspended in a
subdiffusive Scott Blair fluid (0 < @ < 1), the mean-square
displacement is the fractional integral of order 1 4+ « of the
Rabotnov function sl_a(—r’;—z,t) = tl’“Ez_a,z_a(—%tz’“)
[67], whereas the velocity autocorrelation function is the
fractional derivative of order 1 — « of the same Rabotnov

function 81_0((—,/;—2, t).

[1] T. G. Mason and D. A. Weitz, Phys. Rev. Lett. 74, 1250 (1995).
[2] D. A. Weitz and D. J. Pine, Dynamic Light Scattering: The
Method and Some Applications (Oxford University Press, Ox-
ford, 1993), pp. 652-720.
[3] T. G. Mason, H. Gang, and D. A. Weitz, J. Opt. Soc. Am. A 14,
139 (1997).
[4] A. Palmer, J. Xu, and D. Wirtz, Rheol. Acta 37, 97 (1998).
[5] J. Xu, V. Viasnoff, and D. Wirtz, Rheol. Acta 37, 387 (1998).
[6] E. Gittes, B. Schnurr, P. D. Olmsted, F. C. MacKintosh, and C. F.
Schmidt, Phys. Rev. Lett. 79, 3286 (1997).
[7] B. Schnurr, F. Gittes, F. C. MacKintosh, and C. F. Schmidt,
Macromolecules 30, 7781 (1997).
[8] T. G. Mason, K. Ganesan, J. H. van Zanten, D. Wirtz, and S. C.
Kuo, Phys. Rev. Lett. 79, 3282 (1997).
[9] T. Li, S. Kheifets, D. Medellin, and M. G. Raizen, Science 328,
1673 (2010).
[10] R. Huang, I. Chavez, K. M. Taute, B. Lukié, S. Jeney, M. G.
Raizen, and E.-L. Florin, Nat. Phys. 7, 576 (2011).
[11] T. G. Mason, Rheol. Acta 39, 371 (2000).
[12] M. L. Gardel, M. T. Valentine, and D. A. Weitz, Microscale
Diagnostic Techniques (Springer, Berlin, 2005), pp. 1-49.
[13] T. M. Squires and T. G. Mason, Annu. Rev. Fluid Mech. 42, 413
(2010).
[14] A. Einstein, Ann. Phys. (Leipzig) 322, 549 (1905).
[15] R. B. Bird, R. C. Armstrong, and O. Hassager, Dynamics of
Polymeric Liquids, 2nd ed. (Wiley, New York, 1987), Vol. 1.

[16] T. Li and M. G. Raizen, Ann. Phys. (Berlin) 525, 281 (2013).

[17] G. E. Uhlenbeck and L. S. Ornstein, Phys. Rev. 36, 823
(1930).

[18] T. A. Waigh, Rep. Prog. Phys. 68, 685 (2005).

[19] P. Attard, Non-Equilibrium Thermodynamics and Statistical
Mechanics: Foundations and Applications (Oxford University
Press, Oxford, 2012).

[20] W.T. Coffey and Y. P. Kalmykov, The Langevin Equation: With
Applications in Physics, Chemistry and Electrical Engineering,
4th ed. (World Scientific, Singapore, 2017).

[21] L. D. Landau and E. M. Lifshitz, Fluid Mechanics, Course of
Theoretical Physics Vol. 6 (Pergamon, Oxford, 1959).

[22] M. J. Lighthill, An introduction to Fourier Analysis and Gen-
eralised Functions (Cambridge University Press, Cambridge,
1958).

[23] M. C. Wang and G. E. Uhlenbeck, Rev. Mod. Phys. 17, 323
(1945).

[24] N. Makris, J. Eng. Mech. 143, 04017123 (2017).

[25] N. Makris, Meccanica 53, 2237 (2018).

[26] M. C. Smith, IEEE Trans. Automatic Control 47, 1648 (2002).

[27] C.Papageorgiou and M. C. Smith, Proceedings of the 44th IEEE
Conference on Decision and Control (IEEE, Piscataway, 2005),
pp- 3351-3356.

[28] R. M. L. Evans, M. Tassieri, D. Auhl, and T. A. Waigh, Phys.
Rev. E 80, 012501 (2009).

[29] N. Makris, Meccanica 54, 19 (2019).

052139-12


https://doi.org/10.1103/PhysRevLett.74.1250
https://doi.org/10.1103/PhysRevLett.74.1250
https://doi.org/10.1103/PhysRevLett.74.1250
https://doi.org/10.1103/PhysRevLett.74.1250
https://doi.org/10.1364/JOSAA.14.000139
https://doi.org/10.1364/JOSAA.14.000139
https://doi.org/10.1364/JOSAA.14.000139
https://doi.org/10.1364/JOSAA.14.000139
https://doi.org/10.1007/s003970050095
https://doi.org/10.1007/s003970050095
https://doi.org/10.1007/s003970050095
https://doi.org/10.1007/s003970050095
https://doi.org/10.1007/s003970050125
https://doi.org/10.1007/s003970050125
https://doi.org/10.1007/s003970050125
https://doi.org/10.1007/s003970050125
https://doi.org/10.1103/PhysRevLett.79.3286
https://doi.org/10.1103/PhysRevLett.79.3286
https://doi.org/10.1103/PhysRevLett.79.3286
https://doi.org/10.1103/PhysRevLett.79.3286
https://doi.org/10.1021/ma970555n
https://doi.org/10.1021/ma970555n
https://doi.org/10.1021/ma970555n
https://doi.org/10.1021/ma970555n
https://doi.org/10.1103/PhysRevLett.79.3282
https://doi.org/10.1103/PhysRevLett.79.3282
https://doi.org/10.1103/PhysRevLett.79.3282
https://doi.org/10.1103/PhysRevLett.79.3282
https://doi.org/10.1126/science.1189403
https://doi.org/10.1126/science.1189403
https://doi.org/10.1126/science.1189403
https://doi.org/10.1126/science.1189403
https://doi.org/10.1038/nphys1953
https://doi.org/10.1038/nphys1953
https://doi.org/10.1038/nphys1953
https://doi.org/10.1038/nphys1953
https://doi.org/10.1007/s003970000094
https://doi.org/10.1007/s003970000094
https://doi.org/10.1007/s003970000094
https://doi.org/10.1007/s003970000094
https://doi.org/10.1146/annurev-fluid-121108-145608
https://doi.org/10.1146/annurev-fluid-121108-145608
https://doi.org/10.1146/annurev-fluid-121108-145608
https://doi.org/10.1146/annurev-fluid-121108-145608
https://doi.org/10.1002/andp.19053220806
https://doi.org/10.1002/andp.19053220806
https://doi.org/10.1002/andp.19053220806
https://doi.org/10.1002/andp.19053220806
https://doi.org/10.1002/andp.201200232
https://doi.org/10.1002/andp.201200232
https://doi.org/10.1002/andp.201200232
https://doi.org/10.1002/andp.201200232
https://doi.org/10.1103/PhysRev.36.823
https://doi.org/10.1103/PhysRev.36.823
https://doi.org/10.1103/PhysRev.36.823
https://doi.org/10.1103/PhysRev.36.823
https://doi.org/10.1088/0034-4885/68/3/R04
https://doi.org/10.1088/0034-4885/68/3/R04
https://doi.org/10.1088/0034-4885/68/3/R04
https://doi.org/10.1088/0034-4885/68/3/R04
https://doi.org/10.1103/RevModPhys.17.323
https://doi.org/10.1103/RevModPhys.17.323
https://doi.org/10.1103/RevModPhys.17.323
https://doi.org/10.1103/RevModPhys.17.323
https://doi.org/10.1061/(ASCE)EM.1943-7889.0001348
https://doi.org/10.1061/(ASCE)EM.1943-7889.0001348
https://doi.org/10.1061/(ASCE)EM.1943-7889.0001348
https://doi.org/10.1061/(ASCE)EM.1943-7889.0001348
https://doi.org/10.1007/s11012-018-0822-6
https://doi.org/10.1007/s11012-018-0822-6
https://doi.org/10.1007/s11012-018-0822-6
https://doi.org/10.1007/s11012-018-0822-6
https://doi.org/10.1109/TAC.2002.803532
https://doi.org/10.1109/TAC.2002.803532
https://doi.org/10.1109/TAC.2002.803532
https://doi.org/10.1109/TAC.2002.803532
https://doi.org/10.1103/PhysRevE.80.012501
https://doi.org/10.1103/PhysRevE.80.012501
https://doi.org/10.1103/PhysRevE.80.012501
https://doi.org/10.1103/PhysRevE.80.012501
https://doi.org/10.1007/s11012-018-00929-6
https://doi.org/10.1007/s11012-018-00929-6
https://doi.org/10.1007/s11012-018-00929-6
https://doi.org/10.1007/s11012-018-00929-6

VISCOUS-VISCOELASTIC CORRESPONDENCE PRINCIPLE ...

PHYSICAL REVIEW E 101, 052139 (2020)

[30] Tables of Integral Transforms, edited by A. Erdélyi, W. Magnus,
F. Oberhettinger, and F. G. Tricomi, Bateman Manuscript
Project Vol. I (McGraw-Hill, New York, 1954).

[31] E. H. Lee, Q. Appl. Math. 13, 183 (1955).

[32] W. Fliigge, Viscoelasticity, 2nd ed. (Springer, New York, 1975).

[33] A. C. Pipkin, Lectures on Viscoelasticity Theory, 2nd ed.
(Springer, New York, 1986), Vol. 7.

[34] N. W. Tschoegl, The Phenomenological Theory of Linear Vis-
coelastic Behavior: An Introduction (Springer, Berlin, 1989).

[35] H. Giesekus, Rheol. Acta 34, 2 (1995).

[36] N. Makris and G. Kampas, Rheol. Acta 48, 815 (2009).

[37] C. M. Harris and C. E. Crede, Shock and Vibration Handbook,
2nd ed. (McGraw-Hill, New York, 1976).

[38] V. S. Volkov and G. V. Vinogradov, J. Non-Newtonian Fluid
Mech. 15, 29 (1984).

[39] R. Rodriguez and E. Salinas-Rodriguez, J. Phys. A: Math. Gen.
21, 2121 (1988).

[40] V. S. Volkov and A. I. Leonov, J. Chem. Phys. 104, 5922
(1996).

[41] J. H. van Zanten and K. P. Rufener, Phys. Rev. E 62, 5389
(2000).

[42] T. Gisler and D. A. Weitz, Phys. Rev. Lett. 82, 1606 (1999).

[43] P. G. Nutting, Proc. Am. Soc. Testing Mater. 21, 1162 (1921).

[44] A. Gemant, Physics 7, 311 (1936).

[45] A. Gemant, Philos. Mag. 25, 540 (1938).

[46] G. W. Scott Blair, A Survey of General and Applied Rheology
(Pitman, London, 1944).

[47] G. W. Scott Blair, J. Colloid Sci. 2, 21 (1947).

[48] G. W. Scott Blair and J. E. Caffyn, Philos. Mag. 40, 80 (1949).

[49] K. Oldham and J. Spanier, The Fractional Calculus: Mathemat-
ics in Science and Engineering (Academic, San Diego, 1974),
Vol. I11.

[50] S. G. Samko, A. A. Kilbas, and O. 1. Marichev, Fractional
Integrals and Derivatives; Theory and Applications (Gordon
and Breach, Amsterdam, 1974), Vol. 1.

[51] K. S. Miller and B. Ross, An Introduction to the Fractional
Calculus and Fractional Differential Equations (Wiley, New
York, 1993).

[52] 1. Podlubny, Fractional Differential Equations: An Introduction
to Fractional Derivatives, Fractional Differential Equations,
to Methods of their Solution and Some of Their Applications
(Elsevier, Amsterdam, 1998).

[53] M. Riesz, Acta Math. 81, 1 (1949).

[54] F. Mainardi, Fractional Calculus and Waves in Linear Vis-
coelasticity: An Introduction to Mathematical Models (Imperial
College Press/World Scientific, London, 2010).

[55] W. Smit and H. de Vries, Rheol. Acta 9, 525 (1970).

[56] R. C. Koeller, J. Appl. Mech. 51, 299 (1984).

[57] C. H. R. Friedrich, Rheol. Acta 30, 151 (1991).

[58] N. Heymans and J.-C. Bauwens, Rheol. Acta 33, 210 (1994).

[59] H. Schiessel, R. Metzler, A. Blumen, and T. F. Nonnenmacher,
J. Phys. A: Math. Gen. 28, 6567 (1995).

[60] L.-I. Palade, V. Verney, and P. Attané, Rheol. Acta 35, 265
(1996).

[61] E. Lutz, Phys. Rev. E 64, 051106 (2001).

[62] M. A. Despésito and A. D. Vidiales, Phys. Rev. E 80, 021111
(2009).

[63] I. M. Gel’fand and G. E. Shilov, Generalized Functions (Amer-
ican Mathematical Society, Providence, 1964), Vol. 1.

[64] V. Kobelev and E. Romanov, Prog. Theor. Phys. Suppl. 139,
470 (2000).

[65] Higher Transcendental Functions, edited by A. Erdélyi,
W. Magnus, F. Oberhettinger, and F. G. Tricomi, Bateman
Manuscript Project Vol. III (McGraw-Hill, New York, 1955).

[66] R. Gorenflo, A. A. Kilbas, F. Mainardi, and S. V. Rogosin,
Mittag-Leffler Functions, Related Topics and Applications
(Springer, Berlin, 2014), Vol. 2.

[67] Y. N. Rabotnov, Elements of Hereditary Solid Mechanics (MIR,
Moscow, 1980).

[68] N. Makris and E. Efthymiou, arXiv:2002.04581.

052139-13


https://doi.org/10.1090/qam/69741
https://doi.org/10.1090/qam/69741
https://doi.org/10.1090/qam/69741
https://doi.org/10.1090/qam/69741
https://doi.org/10.1007/BF00396050
https://doi.org/10.1007/BF00396050
https://doi.org/10.1007/BF00396050
https://doi.org/10.1007/BF00396050
https://doi.org/10.1007/s00397-009-0374-8
https://doi.org/10.1007/s00397-009-0374-8
https://doi.org/10.1007/s00397-009-0374-8
https://doi.org/10.1007/s00397-009-0374-8
https://doi.org/10.1016/0377-0257(84)80026-9
https://doi.org/10.1016/0377-0257(84)80026-9
https://doi.org/10.1016/0377-0257(84)80026-9
https://doi.org/10.1016/0377-0257(84)80026-9
https://doi.org/10.1088/0305-4470/21/9/025
https://doi.org/10.1088/0305-4470/21/9/025
https://doi.org/10.1088/0305-4470/21/9/025
https://doi.org/10.1088/0305-4470/21/9/025
https://doi.org/10.1063/1.471324
https://doi.org/10.1063/1.471324
https://doi.org/10.1063/1.471324
https://doi.org/10.1063/1.471324
https://doi.org/10.1103/PhysRevE.62.5389
https://doi.org/10.1103/PhysRevE.62.5389
https://doi.org/10.1103/PhysRevE.62.5389
https://doi.org/10.1103/PhysRevE.62.5389
https://doi.org/10.1103/PhysRevLett.82.1606
https://doi.org/10.1103/PhysRevLett.82.1606
https://doi.org/10.1103/PhysRevLett.82.1606
https://doi.org/10.1103/PhysRevLett.82.1606
https://doi.org/10.1063/1.1745400
https://doi.org/10.1063/1.1745400
https://doi.org/10.1063/1.1745400
https://doi.org/10.1063/1.1745400
https://doi.org/10.1080/14786443808562036
https://doi.org/10.1080/14786443808562036
https://doi.org/10.1080/14786443808562036
https://doi.org/10.1080/14786443808562036
https://doi.org/10.1016/0095-8522(47)90007-X
https://doi.org/10.1016/0095-8522(47)90007-X
https://doi.org/10.1016/0095-8522(47)90007-X
https://doi.org/10.1016/0095-8522(47)90007-X
https://doi.org/10.1080/14786444908561213
https://doi.org/10.1080/14786444908561213
https://doi.org/10.1080/14786444908561213
https://doi.org/10.1080/14786444908561213
https://doi.org/10.1007/BF02395016
https://doi.org/10.1007/BF02395016
https://doi.org/10.1007/BF02395016
https://doi.org/10.1007/BF02395016
https://doi.org/10.1007/BF01985463
https://doi.org/10.1007/BF01985463
https://doi.org/10.1007/BF01985463
https://doi.org/10.1007/BF01985463
https://doi.org/10.1115/1.3167616
https://doi.org/10.1115/1.3167616
https://doi.org/10.1115/1.3167616
https://doi.org/10.1115/1.3167616
https://doi.org/10.1007/BF01134604
https://doi.org/10.1007/BF01134604
https://doi.org/10.1007/BF01134604
https://doi.org/10.1007/BF01134604
https://doi.org/10.1007/BF00437306
https://doi.org/10.1007/BF00437306
https://doi.org/10.1007/BF00437306
https://doi.org/10.1007/BF00437306
https://doi.org/10.1088/0305-4470/28/23/012
https://doi.org/10.1088/0305-4470/28/23/012
https://doi.org/10.1088/0305-4470/28/23/012
https://doi.org/10.1088/0305-4470/28/23/012
https://doi.org/10.1007/BF00366913
https://doi.org/10.1007/BF00366913
https://doi.org/10.1007/BF00366913
https://doi.org/10.1007/BF00366913
https://doi.org/10.1103/PhysRevE.64.051106
https://doi.org/10.1103/PhysRevE.64.051106
https://doi.org/10.1103/PhysRevE.64.051106
https://doi.org/10.1103/PhysRevE.64.051106
https://doi.org/10.1103/PhysRevE.80.021111
https://doi.org/10.1103/PhysRevE.80.021111
https://doi.org/10.1103/PhysRevE.80.021111
https://doi.org/10.1103/PhysRevE.80.021111
https://doi.org/10.1143/PTPS.139.470
https://doi.org/10.1143/PTPS.139.470
https://doi.org/10.1143/PTPS.139.470
https://doi.org/10.1143/PTPS.139.470
http://arxiv.org/abs/arXiv:2002.04581

