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Molecular modeling of odd viscoelastic fluids
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We consider an active, stochastic microscopic model of particles suspended in a fluid and show that the
coarse-grained description of this model renders odd viscoelasticity. The particles are odd dumbbells, each
featuring a robotic device as the bead, which exhibits a particular torque response. We show that this model
can be macroscopically treated as a viscoelastic fluid, analytically calculate the coefficients of the corresponding
viscoelastic model, and corroborate the results using molecular dynamics simulations. This study provides a
unified analytical framework for several experimental and numerical setups designed to elucidate odd effects in

fluids.

DOI: 10.1103/PhysRevE.110.044605

I. INTRODUCTION

Active matter is a class of matter that is composed of
individual agents that can consume energy from their envi-
ronment to perform work [1,2]. Unlike passive systems that
primarily respond to external stimuli, components of active
matter are capable of self-propulsion and can exhibit coor-
dinated behavior. Examples include biological systems like
flocks of birds, schools of fish, cells within living organisms,
as well as synthetic systems like self-propelled colloidal par-
ticles or ensembles of robots. When applied to metamaterials,
activity introduces a host of new capabilities and features
that make these materials even more intriguing for future
technologies [3,4].

Odd active materials represent a fascinating intersection
of active matter and systems with broken chiral symmetry.
These materials manifest as odd fluids and odd crystals,
characterized by their odd viscous or odd elastic response,
respectively [5]. Odd elastic materials exist in the form of
chiral starfish embryo crystals [6,7] or metamaterials that are
networks of nonreciprocal springs [8,9]. Odd fluid behavior
has been observed experimentally and numerically for sus-
pensions of externally rotated spinners [10,11], but also for
passive systems [12,13] as, unlike odd elasticity, odd viscosity
does not require activity to manifest.

Simultaneously, various common materials such as rub-
bers, wood, ligaments and tendons, or metals near their
melting point can display both solid-like and fluid-like prop-
erties depending on the timescale of the experiment, a
phenomenon known as viscoelasticity [14]. This observation
suggests that the behavior of parity-breaking materials can be
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more generically described by a novel hydrodynamic theory
dubbed “odd viscoelasticity” [15-20]. Odd viscoelastic theo-
ries feature unconventional transport coefficients, signatures
of which may include unusual pattern formation [17] and
probe particles displaying oscillatory velocity at long times
[19]. Interestingly, unlike odd elastic solids [8], odd viscoelas-
tic fluids can theoretically be found in active and passive
systems [16].

When formulating a theory of viscoelasticity, one typically
starts with a macroscopic description in terms of stress, strain,
and its derivatives. However, understanding the microscopic
origin of viscoelasticity is critical both at the theoretical and
the practical level. To this end, various toy systems can be
employed as a first step toward the development of a realistic
model. Dumbbell models can be used to model the behav-
ior of complex macromolecular systems like polymers in a
simple way [21-26]. Upon coarse-graining these models, the
continuum theory one arrives at is that of a viscoelastic fluid.
In this approach, a polymer molecule is approximated as a
dumbbell consisting of two large beads connected by a spring.
The beads represent clumps of atoms or monomers, while the
spring symbolizes the chain of monomers connecting them.

In this study, we consider a system of odd active agents
suspended in a fluid. The odd active agents that are being
considered are an active generalization of molecular dumbbell
models (see also [27-29]). By coarse-graining the micro-
scopic equations and performing numerical simulations, we
show that such a system gives rise to odd viscoelasticity,
and we provide analytical expressions for the coefficients in
the resulting model. Interestingly, similar systems have been
considered both in experiment [10] and numerical studies
[11,28-33], with Refs. [11,28] observing unusual time evolu-
tion of the stress response. At the same time, to the best of our
knowledge there has been no attempt at understanding the odd
viscoelastic behavior by coarse-graining a microscopic model.
Deriving macroscopic properties of such a model can serve as

©2024 American Physical Society
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FIG. 1. Dumbbell in a decompressed state compared to the rest
state. Arrows represent the dumbbell forces given by Eq. (1).

a guide when designing metamaterials with desired features
and a point of reference for understanding experimental or
numerical results. This is precisely the purpose of this work.

The structure of this study is as follows. In Sec. II we
describe experimental systems of suspended dimers that dis-
play odd springs constants and formulate their corresponding
microscopic equations of motion with stochastic forces. In
Secs. III and IV we coarse-grain this model to find that
at a macroscopic level it is described by a theory of odd
viscoelasticity with two distinct elastic degrees of freedom
with different relaxation times. Then in Sec. V we compute
the evolution of the elastic stress as a function of time and
compare the result to a numerical simulation.

II. ODD DUMBBELLS

We will now describe a microscopic model of active dumb-
bells that display both a longitudinal and transverse force
when strained away from their rest state. Introducing the intra-
dumbbell distance vector R, we denote the dumbbell’s length
at rest by |R|.st = R* (see Fig. 1). Let us parametrize R by
a scalar R = |R| — R* expressing the deviation from the rest
state, and the unit vector ¥ = R/|R|. For a small deviation §R,
such that SR/R, < 1, the force that the odd spring exerts on a
bead can be expressed as [8]

F(R) ~ (SR(KECSU + KOS[j)f'j, (D

where i, j are spatial indices, ¢;; is the Levi-Civita tensor
and «,, and «, represent the even and odd spring constants,
respectively. The broad features of the behavior of the system
will not depend on the exact formula for F;(R) as long as
Eq. (1) is valid. In order to proceed with analytical treatment,
we take the elastic force exerted by the spring to be given by

E‘,elastic(R) = 0R K, F;. (2)

Because the elastic energy of the dumbbell is equal to
Kk.(8R)?/2, the equipartition theorem ensures that in equilib-
rium the average value of §R? is!

kT

Ke

(R?) = 3)

'The temperature T is understood as the temperature of the bath
in which the dumbbells are suspended. We assume that 7 is not
affected by the activity of the suspended dumbbells. Eq. (3) can be
derived explicitly from the Fokker-Planck equation presented later
on in Eq. (10).

im

Spinning mechanism

7
Rotating element

FIG. 2. Schematic model of an odd dumbbell. Cylinders inside
the beads represent rotating elements, such as flywheels, that act as
internal storage of angular momentum. The beads are connected by
an elastic element that functions as a spring. The coil wound around
the cylinder represent a spinning mechanism that applies an equal
torque M to each of the internal rotating elements when the spring is
deformed. Due to the conservation of the total angular momentum,
torque equal to —2M (represented by the middle arrow) has to be
simultaneously experienced by the rest of the dumbbell. Thus, as-
suming M o §R, the mechanism effectively applies transverse forces
Fyqq o SR to the beads.

Thus, the approximation (1) will in general be valid when
kT /(x.R2) < 1, which is what we assume from now on.

One way to introduce a transverse force consistent with
Eq. (1) is by coupling the beads to an internal reservoir
of angular momentum, which interacts with the rest of the
dumbbell when the bond between the beads is stretched or
compressed, as visualized schematically in Fig. 2. Let us first
consider the possibility that the torque M is directly propor-
tional to the deformation of the spring §R. Such a mechanism
is referred to as an “odd spring” in the literature [8]; a possible
realization of an odd spring for the dumbbells is discussed in
more detail in Appendix A. We can then parametrize M =
€ijRiF; = k,R.5R for some coefficient «,, from which follows
that the odd part of the force is

R . .
E,odd = KOF*(SRS,'JTJ' ~ SRK'ogijrj, (4)

where we expanded in SR/R, and R = |R|.

Remaining within the model of Fig. 2, we can also consider
the possibility that the cylinders are attached to mainsprings
that are kept wound, which leads to a constant torque acting
on the dumbbells independently of §R. We can include this
in our description of the system by introducing a constant
torque parametrized as M = ¢ QR2 /2, which produces a driv-
ing force

2
Firor = ? %Sij?'j ~ M Sijl’;j. 5)
The frequency €2 corresponds to the frequency of counter-
clockwise dumbbell rotation in overdamped dynamics with ¢
representing the particle drag.

At this point we note that there can exist other mechanisms
that can induce a transverse force of a form similar to that
in Eq. (5). For example, the 2 term can possibly be used
to describe the rotation of a suspension of particles possess-
ing magnetic moments and subjected to a rotating magnetic
field, as in Fig. 3. In the latter case, the torque acting on
the dumbbells was found in Ref. [10] to lock the angular
velocity of the particles to the frequency 2 of the rotating
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FIG. 3. A rotating background magnetic field allows for springs
with a magnetic moment to display an odd spring force.

magnetic field such that their rotation is independent of the
fluid medium in which the particles lie. When this happens,
objectivity (independence of stress from vorticity) is violated
and a nonvanishing rotational viscosity ng appears, which
relaxes the fluid vorticity w to 22 through adding a term
proportional to —ng(2$2 — w) to the stress tensor. As shown
in Appendix C, we find ng to be given by the formula

ndRig
M= —g— (6)
where n¢ is the dumbbell density. We analyze the effect of the
angular motion locking in more detail in Appendix C, but in
the main text we focus on the case without the locking.

In addition to the intra-dumbbell forces, we also consider
interactions with a background fluid, which damp the motion
of the beads with a rate ¢ and introduce a stochastic force S®
acting on the beads. In the overdamped regime, this gives the

following equations of motion:
(Y —u@®)) = FR) + 8, (72)
(@ —u@r®) = —FR) +87, (7b)

where r™® are vectors of the coordinates of the dumbbell com-
ponents, R = r'®® — r® | u is the velocity of the background
fluid, and ¢ is the drag coefficient. The stochastic forces are
modeled as a white noise, i.e.,

(Si(a)S.Ea)> = ZDCZ(S,‘J‘(S(Z‘Q — l[) (8)

and similarly for S®), while (S;‘”S;ﬁ )) = 0. Note that in this
model the beads interact with one another only indirectly
via the springs and the background fluid, while the effects
of bead collisions are neglected. We also neglect short-range
hydrodynamic interactions, meaning that the model is valid
in the long-dumbbell limit R, >> a, where a is the radius of a
bead.

III. CONTINUITY EQUATIONS

We now turn to derive odd viscoelastic behavior from
the model introduced in Sec. II. For this, in addition to the

relative vector R = r'®® — r@® we define the center of mass
x = (@ 4+ r(ﬁ))/Z, so that we can turn Eq. (7) into

R; = R;dju; — ?Fi(R) + %fil’ (92)
. 1 2
X; = u; + Efl , (Ob)

where we defined f! = §® — §@ and £2 = (S@ + 8®)/2.
Now we introduce the function ¥ (x, R, #), which represents
the probability of finding a dumbbell at position x at time ¢
with the intra-dumbbell vector equal to R. The Fokker-Planck
equation for the evolution of ¥ (x, R, ¢) can be derived from
Eq. (9), and it takes the form [21,24,25]

S+ L

29
— o (Fi(R)Y)

9
igr RIVI+ 2ok

+2kTA 1/f+kTA1// (10)
I R Ao X 9
¢ 2
where we take into account the Einstein relation D = kT /¢
with T representing the temperature of the fluid bath. In
Eq. (10), Ar and A, are Laplace operators with respect to
R; and x;, respectively.

Before proceeding further, let us introduce two isotropic
rank-two tensors:

(11a)
(11b)

Vijkl = %81'/{5;1 + %5515,% - %sijskl»
Vi = 411(81'1«3j1 + bk + gjxdi + £j18ix).

So defined y;jx and ;3 are both traceless and symmetric
under the exchange of i <> j and k <> [, but while y;; is

parity-even: y;ix = Yiij Vf}kl is parity-odd: )’;}kz = _Vkolij’
We then denote for any tensor C;;
Cijy = VijuiCu,
C= TI'C,*J',

Ciijpy = YijuCurs
CA = SijC,‘j. (12)
As explained in Appendix B, we will assume the dumbbells
in the fluid to be dilute, so that all the viscous and inertial
contributions from the dumbbells are small compared to the
fluid contributions and are thus neglected. With these prepa-

rations, the mass and momentum conservation of the fluid can
be described in terms of the following continuity equations:

(13a)
(13b)

p" + 0i(p"ui) = 0,
o' Qi +ujd;u;) + ;T = 0,

where p' is the fluid density and the stress tensor T j can be
decomposed as

f
T =T + TV + p's;;. (14)
Tiﬁf) is the stress tensor of the fluid, which takes form
T,i(if) = p'8i; — nijuDu, (15)
where D;; = diu;j, p is the fluid pressure and

Nijkl = NsVijr + 3181k (16)
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Furthermore, p! = 2n9kT is the dumbbell pressure and Tl;s)
is the component of the stress tensor related to the spring
force and given by the Irving-Kirkwood virial stress formula
[21,24,34]

T = —/dzR RiF;R)Y. a7

The detailed derivation of Egs. (13), (14), and (17) can be
found in Appendix B. There we show how by calculating the
zeroth and first moment of the Fokker-Planck equation with
respect to the dumbbell momentum one can find the continuity
equations for the dumbbell density and momentum, respec-
tively. These equations are then added to the corresponding
equations for the background fluid, producing the abovemen-
tioned formulas.

IV. ODD JEFFREYS MODEL

The stress tensor 7;; given in Eq. (14) can be decomposed
into a constant part and a nonequilibrium part 7;; as follows:

nR2;Q g
g i + 7.

(18)

T, = (p + n'kT)s;j — 2K

4
I’ldkTEij —
Ke

The constant antisymmetric stress is proportional to the
strength of the driving and expresses a steady injection of
angular momentum into the system. Note that by tuning the
strength of the driving to ¢ /2 = —kTk,/(x.R2) the constant
torque can be made to vanish.

The nonequilibrium part 7;; evolves in time in a nontrivial

way due to the behavior of the component Ti(,s). Its evolution
can be found by multiplying the Fokker-Planck equation in
Eq. (10) by R;F;(R) and integrating over R, as implied by
Eq. (17). The resulting equations are then simplified by ex-
panding up to the first order in gradients, as well as to the
lowest order in (8R?)/R>. The details of this lengthy cal-
culation can be found in Appendix C. The main finding is
that the evolution of Tij is described by a generalized odd
Maxwell model, the equation for which involves second time
derivatives. In a symbolic notation we can write
2

%z+g%z+=z = —g%Q -§D. (19
where all the symbols with underlines denote tensors, namely,
T=T ; and D =D;; are rank-two tensors, while o =
Qijki, B = Biju, ¢ = 0jji, and & = & are rank-four ‘ten-
sors. A schematic representation of Eq. (19) in the form of
a viscoelastic circuit is shown in Fig. 4. All the rank-four ten-
sors in Eq. (19) can be analytically calculated, however, their
physical meaning is not immediately clear in this formulation.
In order to elucidate it, we notice that when the frequency of
the perturbation is sufficiently high, the third term on the left
hand side and the second term on the right-hand side can be
neglected; conversely, when the frequency is low enough, the
first term on the left-hand side can be neglected. Therefore,
if the timescales in the problem are well separated, the gen-
eralized Maxwell model reduces to two odd Jeffreys models,
one describing the high-frequency evolution, and one describ-
ing the low-frequency evolution of stress. Splitting the stress

I

FIG. 4. Viscoelastic circuit corresponding to the generalized
Maxwell model given in Eq. (19). The elements in the circuit
correspond to four-tensors and adhere to odd viscoelastic Kirchhoff
laws [15,16]. They are related to the tensors in Eq. (19) by o =

wl:ﬁ*‘%:g)’é:Q:%:é_'1&_‘,g=(2+2)

—e

and§ = (C; : G : K;' +C1 : G < K;'1), where the colon represents
a contraction of the last two indices of one tensor with the first two
indices of another: (« : é),- ikl = O jmn Bk -

tensor 7;; into its traceless symmetric component, trace, and
the antisymmetric component, we then obtain the following
set of equations valid for both regimes:

a - o ~
—Tijp + xsTujy + XoT(3

ot
0
—VSEDW) — (&s + ¥sXs — YoXo)Dyijy
a o O
_VUEDO‘]‘) — (&o+ Yoxs + )/on)D<,~_,~>, (20a)
0 - - 0
=T + xoT = —yp—D — (& + vux5)D, (20b)

ot ot

while the antisymmetric component is related to the trace
of T;;:

~ Ko -~
T4 = K—(T + D). (21)

Equations 20(a) and 20(b) represent the odd Jeffreys model of
viscoelasticity. The interpretation of the different coefficients
is as follows: yx, gives the stress relaxation rate; x, gives
the frequency of rotation of stress in the Tiy — Tixy) space;
ys and y, are the instantaneous shear and odd viscosities,
respectively; and ¢; and ¢, are the instantaneous shear and
odd elasticities, respectively. Furthermore, note that for times

t> Xs_l, after the relaxation has taken place, the stress tends

to
~ &p
T —- —|—+w]D, (22a)
Xb
T — —&<2 +w— 77b>D: (22b)
Ke \ Xb
= Xs8s + XoSo
XsGo — XoGs >
— | === 4y, | DGy (22¢)
( st + on (ij)

In the following we consider odd dumbbell models with
k. > €2, which is a valid approximation in systems in which
the relaxation of elastic deformations takes place much faster
than the rotation period. In this case we can distinguish
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two regimes of interest. One corresponds to the evolution
of the system at times on the order of ¢ /k, or shorter: this
is the timescale on which the relaxation of the elastic strain
given by

Cij= / 7if i6R s (23)
R
takes place. The coefficients in this regime are as follows:
2K, ndRi/ce
yS = 77s’ XS = ; ’ s = 4 ’ (24a)
n'R2k,
Yo = 0, Xo = 0, Co = 4 ) (24b)
2k, ndRiKe
Yo =M, Xb= = bh=— (24¢)

The second regime corresponds to times on the order of
¢ /K. or longer: it is on this timescale that the alignment tensor
X;; relaxes, with X;; defined as

X;; ER§/ P (25)
R

The corresponding coefficients are

ndR,ZF{ 8kT /coz
Vs =1Ns + g sté_? 1+—2,

*

ndR,ZF{ Ko
& = 3 Xs+ —Xo ) (26a)
Ke
Ko n'R2C 4kTk,
Yo = — ) Xo = 2Q — .
K. 8 KeRig‘
n'R3g Ko
8o = 8 (Xo - _Xs)a (26b)
Ke
n'R3g
Vo =N+ 7 x»=0, & =0. (26¢)

Some interesting observations can be made at this point
using Eq. (22). Firstly, the post-relaxation viscosities in the
short-time regime that can be read off from Egs. (22) and
(24) are equal to the instantaneous viscosities y,, ¥, and y, in
the long-time regime in Eq. (26). This agreement can be seen
as a check on the consistency of the two-regime approach.
Secondly, for t — oo the stress tensor tends to

B dR2
T - —(nb+ " 4*§>D, 27a)
. , n9R?
FA L Kt R (27b)
k., 4
~ ndRig“
Tijy — — | ns + 1 Djy. (27¢)

Clearly, odd viscosity vanishes in the zero-frequency limit.
While it might seem to be a nontrivial result given the com-
plicated expression in Eq. (22c), we will show that it can be
expected on general grounds. To this end, let us consider the
evolution of the object

U,'jE/R,‘ij. (28)
R

Multiplying the Fokker-Planck equation in Eq. (10) by R;R;
and calculating the average produces the evolution equa-
tion for U;;:

D 4 (s)
—U;j + U;jogup = 2U i Oxujy + ET

Dr (i)
+ 4k_T8[j + ndﬁAxU[j, (29)
¢ 4¢
where % = ;—t 4+ u- V. Let us assume that after a constant

shear rate is turned on, U;; first builds up and then relaxes
to a steady value, so that at long times %Uij — 0. Due
to the isotropy of the system, in the hydrodynamic regime
Uij = Usij + O(0), where Us is some constant and O(9) is
a gradient correction. We thus have at the leading order

T3 — —n'kT8;; — %Uxaau,). (30)
Thus, in the ¢+ — oo limit there is only the shear viscosity
induced by drag. This conclusion is reached assuming only
(1) an overdamped collisionless dumbbell model, in which
(2) the tensor U;; reaches a steady state. For our model, Uy is
given by

dp2
n°R;

2 9
and Uj;; relaxes to U;; = U,6;; + O(9) whenever the tempera-
ture is nonzero. This reproduces the results of Eq. (27).

On the other hand, we also observe that the stress relax-
ation rate is proportional to k7', so that in the zero-temperature
limit odd viscosity will be equal to its instantaneous value

d p2
Vo = %"R% even for + — co. We confirm these predictions
in numerical simulations presented in the next section.

Us = (3D

V. SIMULATION RESULTS

To show that the odd viscoelastic models discussed in
this paper can indeed describe a system composed of a large
amount of particles described by microscopic equations, we
perform numerical simulations for a many-particle system
where we trace the evolution of the stress tensor. The goal of
the simulations is to test the accuracy of the coarse-graining
analysis, verifying the validity of the approximations that
were employed in obtaining the analytical results. Further-
more, numerical studies give an opportunity to study the
effects of inter-dumbbell interactions on the odd viscoelastic
behavior. As the central result of this work consists of predict-
ing the evolution of stress under applied shear, see Eq. (19),
we concentrate on that part of the problem by subjecting the
system to a constant shear rate while ignoring the dynamics
of the background fluid itself.

The computations are based on the publicly available
code developed in Ref. [28], to which we introduced ade-
quate modifications. The simulation consists of two parts.
First, we consider exclusively the evolution of the stress in
absence of shear and we find that in the presence of inter-
dumbbell interactions the qualitative behavior that is predicted
by the analytics is retained. Then, we consider a model in
the presence of shear, which will enable us to study the full
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viscoelastic response. More details about the simulations can
be found in the subsequent subsections.

A. Stress tensor evolution without shear

We consider a setup where the background fluid is fully
homogeneous and at rest, so that D;; = 0. The evolution of
stress is then given by

I3
1

(xx) (xx)
(xy) (xy)
|l 14 | =M N (32)
5T 2T
e -
27! 3T
with
—Xs  —Xo 0 0
Xo —Xs 0 0
M =
0 0 — X 0 (33)

The viscoelastic coefficients in this setup can be found numer-
ically by measuring stress-stress correlation functions. This
can be done based on the code developed in Ref. [28], in
which we modify the formula for the intra-dumbbell force.
In order to simulate the odd-dumbbell model introduced in
Sec. II, we take the force to be

N . R {Q
E:éRKeri+8,-jrjE K03R+ TR* . (34)

A system of dumbbells is then subjected to a Langevin evo-
lution and allowed to thermalize, after which the stress-stress
correlator is measured during a longer period of evolution.

We shall focus by the way of example on the correla-
tion function Cyy () = (T}y(t)f;x(O)), the formula for which
reads

Crpex (1) = (Tiog Je ™ sin(xot) + (T - THe ™', (35)

xx)

with (.. .) denoting an equal-time correlator. Using ((SR)?) =
kT /K, and isotropy of the distribution of 7; in a steady state
one can prove

(T2 )= nR2kT k, 1+ %
bexd 8 K2
I’ldR4§292
32
(T?) = k,n'RKT,

+ O((kT ),
(T - T = k,n'R*kT.  (36)

The values given above are only valid for the short-time evo-
lution, after which a relaxation of the elastic part of the stress
tensor takes place. Calculating the post-relaxation correlation
functions requires some care, the appropriate values are cal-
culated in Appendix C in Eq. (C27). One finds that in the
long-time regime (72) = (T - T*) = 0, while for (7)), the

following replacement should be made:

dp4
(72 >ﬁ—”R*§Q( Q
32

(xx)

4kTk,
— )+O((kT)2). 37

etk

Finally, the formula that captures both the short-time and
long-time behavior is

ndK,,RikT 2K,
nyxx(t) =7 &Xp|— c t

4

niRIC2Q2 8kT K )
3—Zexp _§R2 1+E t | sin (2Q2t),

’ (38)

where we assumed for simplicity that ¢ > kT;c(,/(/ceRi)
in the second line of the equation. In Fig. 5 the behavior
of Cyyx(t) obtained by the means of numerical simulations
is compared to the analytically-derived formula given in
Eq. (38). While the approximations used in the derivation are
seen to introduce some discrepancies between the two results,
the overall behavior turns out to be accurately described by
the theory, especially regarding the scaling of the various
coefficients with the parameters of the system.

Furthermore, to test the limits of applicability of the model
we introduced bead-bead interactions in the form of the
Lennard-Jones potential:

3 [ O B

i<j

where r;; = |r; —rj| is the distance between beads num-
bered i and j. We focused on the case 20 < R,, which
means that the bead-bead interactions happen mostly dur-
ing inter-dumbbell collisions, while intra-dumbbell collisions
are rare. As seen in Fig. 6 interactions are found to in-
crease the oscillation period while reducing the relaxation
time of the out-of-equilibrium stress tensor, but the over-
all shape of the stress correlation function remains broadly
intact. This behavior can be observed across a wide range
of interaction parameters, with the relative change of the
oscillation frequency and extinction coefficients plotted in
Fig. 6. Noticeably, the increase of the extinction coefficient
is typically a more significant effect than the decrease of the
frequency.

B. Stress tensor evolution with shear

Now we turn to a simulation that allows us to directly test
the validity of the viscoelastic model as given in Egs. (20),
(24), and (26). While using a similar setup to the one described
in the previous subsection, we now impose a small constant
deformation rate on the region of simulation starting at a
certain time t = 0. The deformation imposed is in the form of
a simple shear equivalent to imposing D .y, = %DA = const.
and D,y = D = 0. Then the average stress tensor of the sys-
tem of dumbbells is directly measured. As we do not model
the dynamics of the background fluid, we set n, = n, = n, =
0. The results are shown in in Fig. 7, where they are com-
pared with the analytical prediction that combines both the
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FIG. 5. Comparison of numerical results for the correlation functions Ciy.(t) = (T,

—— kT=0.05, simulation
—== kT=0.05, theory
—— kT=0.1, simulation
—== kT=0.1, theory

—— kT=0.2, simulation
kT=0.2, theory

0.4 1

0.2

0.0 {-=--3--- f

Stress correlation function Cyyxx(t)
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Time t

U,(t)Txx (0)) with the analytical result of Eq. (38). In the

left panel we present results for different odd spring constants «, in the short-time regime, setting {2 = 0 and k7' = 0.2. In the right panel
we present results for different temperatures kT across both regimes, setting ¢ Q = 6 and «, = 20. In all simulations «, = 30, ¢ = 30, n® =

04, R?=1.

short-time and the long-time effects:

d p2
Tij) = (A()Dyjy + B()D,), (40)
where
At) = (1 — e 25)(2 — 1)
x (cos tot) + <2 sin (X,)t)>, (41a)
Ke
B _ Ko —2k,t/¢ —Xst
t)=—0-e )2 —e™ ™)
Ke
Ke .
X <cos (xot) — — sin (xat)>, (41b)
Ko

where the coefficients x, and = y, relate to the long-time
regime and are found in Eq. (26). At the same time the trace

Extinction coefficient Frequenc
~ ~
X 10 X 10
m Q
= =
B -
2 2 1
2 £
] "
=i
§ o1 A § o1 A
— -
[3) [3)
IS IS,
; 5
E 0.01{ A £ 0011 A
0.1 02 03 04 0.1 02 03 04
Interaction range o Interaction range o
| ee—
0% 50% 100% -10% 8% 5% 2% 0%
Deviation Deviation

and the antisymmetric parts of stress are predicted to be zero,
T=T"=0.

The simulations fully corroborate the results of Sec. IV,
apart from the fact that 7 and T4 are found to grow slowly
with time; this behavior can be attributed to effects nonlinear
in D;;, which are not captured by the linear Jeffreys model.
In particular, the simulations confirm that the long-term odd
viscosity tends to zero as a result of thermal fluctuations, but
remains constant in the zero temperature case.

VI. CONCLUSION

In this work we consider a microscopic model of dumb-
ells with odd active forces suspended in a fluid. We provide
two examples of systems in which such a suspension of odd
dumbbells considered could appear, focusing particularly on

0.4 1

—— 0=0.1, €=0.01 kT
—— 0=0.3, €=0.1kT
—— 0=04, e=10kT

Stress correlation function Cyyxx(t)

0 10 20 30 40 50 60 70 80
Time t

FIG. 6. Effect of introducing bead-bead interactions modeled by the Lennard-Jones potential with range o and strength €. (a) A function of
the form A exp(—yt) cos(2€2,¢) is fitted to the numerically obtained correlation function Cy,.(¢). The diagrams present the relative deviation
of the extinction coefficient y and the frequency 2, from their interaction-free values y, and €2; the deviations are defined as ”y“’ and Q*
respectively. (b) Three examples of the correlation functions Cyy,,(¢) obtained for different values of the interaction parameters. The plots
correspond to the data points from panel (a) marked by triangles with colors (shades of gray) matching the plots. The parameters used are

Kk, =30,k,=0,¢=30,¢Q=6,n"=04, R2=1and kT =0.1.
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FIG. 7. Evolution of all the components of stress under a constant simple shear D,, = 0.00126. Numerical results (solid lines) are compared
with analytical predictions (dashed lines). The 7,y and T},; components of stress corresponds to the even and odd responses, respectively; for
the trace and antisymmetric components, the Jeffreys model predicts 7 = 74 = 0. The left panel shows the zero-temperature case k7 = 0,
while in the right panel kT = 0.1. In both simulations we set Q2 = 0, «, = 30, «, = 20, ¢ = 30, nd = 0.4, Rﬁ = 1. The oscillations visible
in the right panel result from finite-temperature fluctuations coupled with a finite size of the numerical sample.

the relation between these odd forces and angular momentum
conservation.

In the overdamped limit, we coarse-grain the microscopic
equations of these systems to obtain a macroscopic descrip-
tion of the dumbbell suspension, which is the theory of odd
viscoelasticity. Specifically, we find two distinct regimes in
time where two distinct objects relax to their equilibrium
value; both of these regimes can be described by their own
distinct odd Jeffreys model. One of these regimes, lasting for
a time of the order of ¢/«., where ¢ is the drag coefficient
and «, is the elastic constant of a single colloidal particle,
can be seen as the elastic regime: it is at this timescale that
odd-elastic effects can be observed. Following it is a time
window ¢ /k, < t K Rig‘ /(kT), where R, is the radius of the
particle and k7' /¢ is the effective diffusion constant, when the
system displays odd viscosity. Finally, at times of the order
of R2¢ /(kT) the odd response dies out. We have also shown
that the vanishing of odd response at long times is a feature
that can generically be expected in this class of systems,
which, however, does not prevent the emergence of transient
(or, equivalently, finite-frequency) odd elastic and odd viscous
behaviors, as proven by our analysis.

Through numerical simulation, we verify that the coarse-
graining procedure provides quantitatively accurate predic-
tions for time-dependent correlations of the elastic stress
tensor, including in the presence of weak interdumbbell
interactions.

The analytical and numerical results of this work offer a
foundation for potentially observing odd viscoelastic fluids
in experiment. Furthermore, the coarse-graining procedure
provides a deeper understanding of the circumstances under
which the coefficients of an odd viscoelastic fluids can arise.
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APPENDIX A: ODD SPRING MODEL

In this Appendix, we present a possible mechanism of
generating odd spring force acting on the dumbbell. The di-
agram in Fig. 8 should be read as follows: there is a rigid
rod connecting the two beads constituting the dumbbell (the
thick brown line in the sketch). Due to symmetry between the
two beads we concentrate on just one half of the dumbbell.
The vector R/2 = R*er—‘mf' connects the center of the dumbbell
with the center of the bead and we denote the radius of the
cylinder by r;. We also introduce a coordinate z equal to the

displacement of the bead along the direction of the rod from

FIG. 8. Schematic representation of one half of the odd dumbbell
from Fig. 2 as seen from above, with O denoting the center of the
dumbbell. The colors (shades of gray) match the ones in Fig. 2,
while the black lines, arrows and labels are auxiliary and serve to
explain the mechanism. A more detailed description of the Figure is
the content of Appendix A.
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its rest state. In other words,

(R, + 8R)? R?
Py i Al A
4 4

The end of the rod is attached to a spring, which in turn exerts
force on the cylinder through some mechanism. If the other
end of the spring deviates from its original position with
respect to the bead by w, the elastic energy of the spring
is %K(Z + w)? with some spring constant «. The spring ex-
erts a force at the cylinder, which is applied at the point of
contact with the cylinder and directed along the rod. Thus,
the cylinder experiences linear acceleration due to the force
F = —k(z+ w) (shown on the sketch) and angular accelera-
tion due to the torque M = r F.

Let us now turn to energetic considerations. To rotate the
cylinder, the spring needs to do work on it: to be exact, the
work done when the end of the spring is displaced by w is
equal to %K w?. On the other hand, the internal degree of
freedom w does not feature in the equations of motion for
the odd dumbbell. One possibility for eliminating w from the
dynamics of the dumbbell is by keeping w roughly equal to 0
all the time by using a device (denoted A on the sketch) that
pushes the end of the spring back to w = 0 when w reaches
a certain value, which we denote as +dw. This device is
necessarily active, as every activation of the mechanism costs
energy %K((S w)?, and so requires a source of energy to run.

Having assumed now the presence of the active device A
thanks to which always w =~ 0, let us calculate the forces
acting on the bead. The force F can be projected along and
perpendicular to R, and in the situation shown in the sketch it
is equal to

(AD)

F;

—kz(cos(0)F; + sin(0)e;;F;)

! 4r2 h 2ry R
—K — ri Eijlj
- (R. +oR? ' R, +oR 7"
K
= <\/(R* +8R —4r2 —\[R? - 4rg>
{ 4r? ;o 21, )
X — i &iili
(R« + SR)? R.+8R "/
R, VRZ —4r? 2rs .
N —K i+ Eijr; SR,
JRI—4r2\ R, R.+ R

(A2)

which can be expressed in the form

. R, .
F = _(Keri =+ R*_’_—(SRKOSZ‘J'}’]‘>8R. (A3)

APPENDIX B: DERIVATION OF THE STRESS TENSOR

In this Appendix, we derive the equation for momentum
conservation, which includes the stress tensor of Eq. (17). In
the main text we formulated the microscopic equations for

the overdamped limit. To study momentum conservation, we
must first extend these equations for the dumbbell components
given by Eq. (7) to include inertia, namely

mi® + ¢ @P —u' @®™)) + (~1'FR) —S* =0, (BI)
where A € {«, 8} and

(=DP ={-1,1}. (B2)

Eq. (B1) can be rewritten to

PO =y, (B3a)
00— _ & o0 _ o (e 21 Lo
v = -2 w* —d ")) - (-1)"—F®R) + —SY.

m m m
(B3b)

We can then obtain the Fokker-Planck equation [35]

a
—_— » . n)
(e mse)e
=2 {Evvm A® —u' Pyl
Iy m

1 kT
+<—1>A;F(r<’” — 1) Voo + m—wa} (B4)

Let us define a local average of a quantity A over the distribu-
tions of beads as

(A)()“) E/ A(I‘(a) r® y@ @ t)lﬂﬁ(l‘—r()”))
£ ) y@) y(B)

(BS)

where we employ the notation [ u, )y v = [ d°r®

A’rPa?v@d>y P, Let us define n™ = (1)® and ¥ =
(V@) /p®) A simple integration of Eq. (B4) gives

3, (n™*) + V(iMy»)y = 0. (B6)

Further by multiplying Eq. (B4) by mvlm and integrating, we
can derive the momentum balance equation for the separate

momenta of the dumbbell component A. In the process we
have to calculate the quantity

oM = / E@® —ryyse—r?).  (B7)
r@ p) v y@)

After changing the variables to the centre of mass position x =
(r® 4+ r®)/2 and intra-dumbbell vector R = r®) — r@® we
expand the delta function to the linear order in R, obtaining

oM ~ / FR)Y[8(r —x) — (—1)'R/2V,8(r —x)]
x,R,v, vz
- / FRWYS(r —x) — (—1Y'2V,
x,R,v,vg 2
X / RjE(R)w(S(r —X). (B8)
x,R,v,vz

The expansion above is possible assuming that the distribution
function does not vary considerably on the length of a typical
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dumbbell. Integrating Eq. (B4) with mvf*) leads to
1
3 (mn®oM) + 9; [m(vfk)v;’\))()\) —5 / RjFi(R)llf:|
R,v,vg

— e~ - -0 [ E®p. @)
R,v,vg

The gradient term on the left hand side of Eq. (B9) can be
rewritten as

1
o) =3 [ RE®RY
’ 2 R,v,vz

= mn(x)l-}lgk)l—);)») + Ti;?»),(k) + Ti;k),(s), (B10)
where

1), (k =0 MY (50 R

T =m0 —u?) (077 = o))", Bl
1
Ti;“(s) = —5/ RiFR)Y. (B11b)
R,v,vg

Ti;}‘)’(k) is a part of the stress tensor that describes kinematic

transfer of momentum, and it can be expanded as a dumbbell
pressure term plus viscous corrections, which can be ignored
when the dumbbells are dilute. With this assumption we have

Tiﬁlk),(k) ~ p(k)(gij’ p(k) = nWkT. (B12)
Tl.;.“’(s) describes the stress induced by contractions of the
springs and its corresponding evolution equation will be de-
rived in Appendix C. Using Eq. (B6), Eq. (B9) then turns into

D
A —(x ), (s A
mn( )_t Ui( )"‘3/'755‘ () + 3,'p( )

- _(—1)“)/ FER)Y — ™ (5 —uf), (B13)
R,v,vg

where

—

Dt !
Because we take the dumbbells to be dilute and their motion
to be overdamped by the background fluid, we can set the first
term on the left hand side of Eq. (B13) to zero. Then we have

3o + ﬁj.”aj@,f“. (B14)

T = e ) -

i

X / FR)Y.
R,v,vg

There are two terms in Eq. (B15), which prevent the momen-
tum from being conserved. Firstly, there is the term coming
from the averaged dumbbell force F;(R) evaluated at the
dumbbell center of mass r. Because the beads act on each
other with equal and opposite forces, the contribution of this
term will vanish when the equations for the two dumbbell
components are added. Next, the term in Eq. (B15) that repre-
sents drag of the background fluid expresses coupling with the
solvent, together with which the dumbbells form a “two-fluid
medium” [36-38]. To see that the total linear momentum is
conserved, we consider the conservation laws of the back-
ground fluid. The equations of motion of the background

(B15)

fluid are
dp' +3(p'ul) =0, (B16a)
f D f (f) d f ) =)
Pt + Ty = —¢ | 2nluj — > n®yf (B16b)
r=a,pB
where
Ti;f) =p' 8 — nifjleIfd' (B17)

nt,, is the viscosity tensor of the background fluid. After
adding Eq. (B15) for « and B to Eq. (B16b), the conservation
of the total momentum becomes exact, i.e., we have

pf%uﬁ + 0" + 0,1 + 9,1 =0 (B18)
with
p4 = 2n%T, (B19a)
T = —/ R F(R)Y. (B19b)
R,v,vg

APPENDIX C: DERIVATION OF THE
RHEOLOGICAL EQUATIONS

In this Appendix, we derive rheological equations for a
broad class of dumbbell models, in which in addition to the
dumbbells displaying even and odd elastic forces, they can
be subject to an internally or externally induced rotation. The
force acting on the beads is assumed to take the form

R, N
F,(R) =R /ceBij + FKOSU rj

CQR . LR s
—_ Eé‘,‘jrj + (XE?(VJ‘(?J‘M[ — r[rlrjaju,). (Cl)
The terms in Eq. (C1) have the following interpretation:

(1) 8R(k.6;; + %Kosi j)7; represents both the even and odd
elastic forces acting on the dumbbell that are proportional to
the extension of the spring.

2) % %ai_,f’j is a force that induces an approximately
steady rotation of the dumbbell with frequency €2 in the over-
damped limit. It is related to a nonzero torque exerted either
by internal degrees of freedom, or by an external driving force.

3) a%%(f’jajui — Pi##;9;u;) is a nonconventional term,
which, when « is set to 1, cancels the component of the
fluid drag perpendicular to R in the equations of motion.
Namely, setting & = 1 and k, = 0 leads to R; &~ —Qe¢;;R; +
7iiR;0ju; — SR F; + % fil, which ensures that the angular
motion of the dumbbells remains locked to the rotating mag-
netic field in agreement with the findings of Ref. [10], modulo
fluctuations. On the contrary, for models without external
driving there is no mechanism that could lead to such a lock-
ing, and consequently o = 0.

We now proceed to derive the rheological equations. The
main object of interest is the stress tensor 7, js) defined in
Eq. (17), which exhibits a nontrivial time evolution that can
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be found using the Fokker-Planck equation, Eq. (10). We
simplify the resulting equations by performing simultaneously
two expansions: the first one is expanding the equations up
to the first order in gradients around an isotropic steady-state
solution in order to obtain a hydrodynamic description; and
the second is expanding terms contributing to the stress tensor
up to the second order in 6R/R,, and then replacing every
instance of SR> by its average value given in Eq. (3). The
validity of these approximations is ultimately justified by the
agreement we obtain with the numerical simulations.

Let us begin by decomposing the stress tensor T;S) given
in Eq. (17) into separate terms. To this end, we define three
symmetric tensors C;;, X;; and Y;jx:

Cij ER*/ ;’\'i;’\'j(SRlﬁ',
R

— p2 PPN
X,-j=R*/r,-rj1p,
R

Yijui ERi/ PF iR, (C2)
R
and notice that
/’A’iRJ"SRI/f =R*/ 'A’i’A’i‘SRK["i‘/ 77 SR* Y
R R ' R
kT
~ G+ RZXJ (C3)

T(g) can then be decomposed as

, ¢ ¢
Tij-s) = —kijCu — QLijuXu — azakuixkj + OtzakulYijkz

(C4)
with «; 1 defined as

1 g 1
Kijkl = KeVijki + 5Ke0:i0k1 + KoV T 3K0€ij0k1 (&%)

and €2,z as

kT

1 kT ¢
R2 =7 Vijki + =

¢
) R2 5118“ + ) Q Sljékl

Qiju = 7
(Co)

=2 yljkl + -

Firstly, we will obtain steady-state expressions for the ten-
sors Cjj, X;j and Y. Due to isotropy of the system in
equilibrium and symmetricity of the tensors they have to
take the form C,'j = C(Sl'j + O(9), Xij = X(S,'j + O(9), Yijkl =

J

D
Dt

2kT
—2QC7, + a

(ij)

4kT
KeRZ C + 2 lj)

NSO 4kT 2k,
C,‘j =1 - oz)aluiCZ_,- + (1 — oc)alu.,-Cgi + Oju, Ry ririr R, — SR+ 20éR — « /s —Cij
R

Y (8ij8r + 8uSji + 8udjx) + O(d), where C, X, Y, are some
coefficients. These coefficients can be determined as follows:

1 Ri niR2
EXii == Iﬂ = =X, (€7
1 R2 dR2

—Yikk = — = =Y. C8
g Yikk = 1# 3 (C3)

In fact, the calculation above shows that the trace of X;; is
fixed by the definition of X;;, and it is only the traceless com-
ponent of X;; that can evolve out of equilibrium. To find the
steady—state expression for C;;, Eq. (10) is multiplied by SR
and integrated, producing in the absence of velocity gradients
(8,‘14 i = 0)

2/5131//——&/3]31// ZkT/ —y
Dt Jr ok

2n9kT
¢R,

with the approximation valid up to the first order in
kT /(k.R?). It implies that

1 R, nkT
=C; = SRy =
2k,

2 2 &

2K,
R SRy + (C9)
¢ Jr

(C10)

Altogether, Tl.j.s) can be expanded up to the first order in gradi-
ents as follows,

T(S) = —ndkTSH — —ondkTg~ — OlﬂD L.
ijoo tj K, ij 3 (if)
dR2 _
00— aDMe,; + 7Y+ 0(%). (Clla)
Ti;S) = _Kijkickl — Qi X, (C11b)

with C; s X i ~ O(0). Following Appendix B, the total stress
tensor is obtained by adding the fluid part of the stress tensor
and the dumbbell pressure term, resulting in

= (p' +n'kT)5;; — ﬁndkTSij — NijaDr
Ke
dRZ dR2
—al 8*5 Dy — o 00 — DMy + T
+ O0(3%). (C12)

Evidently, on this level of approximation, the effect of the
“drag-cancelling” term parametrized by « in Eq. (C1) is to
increase the shear viscosity of the fluid-dumbbell system and
to introduce a rotational viscosity equal to ng = ni¢R?/8.
Note also that the constant antisymmetric stress disappears
when ¢{Q = —2kT'k,/(k.R?).

In order to find the dynamical equations for ﬁ;s), Eq. (10)
is multiplied by 7;7;6R and after integrating one obtains the
equation

KeR ¢
8kT 2kT
(8[14 Xl/ + alu/Xlt) - Wc(ij) Wxtjv (C13)
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where we expanded in 8R/R, up to second order and replaced R? by its equilibrium value kT /.. In the derivation we used the

identities
o a N s naa s OR Lo
BR,(r,-erR) = (3,‘11"]' + Sﬂri — Zr,-rjrl)R— + ririry, (C14a)
2 mn .08 1,
3R,(Vﬂ”j5R) :2(8,‘j —2V[FJ)F+EV,'I’J‘. (Cl4b)
The third term on the right-hand side of Eq. (C13) can be simplified as follows:
A 4kT niR? )
OttnRo | 7 jiifn( Re = SR+ 206R — a— U = djty = 8181 + 8u8j + 8inys) + O0%) + OGT -9). (C13)
R Kelty
Dropping all terms of the order O(32), O(kT - 9), O((kT)?), Eq. (C13) can be transformed into
a0 ndRi 2k, " 2kT 4kT (K, o
ECU = T((S,‘jD” + Dyjy) — TC,'j - 2QC<ij) + E ij— ;Ri(— Q>X(ij)‘ (Cl16)

Similarly, multiplying Eq. (10) by #;7*; and integrating, one obtains the equation for the evolution of

order O(3%), OkT - 3), O((kT)?), one obtains

X;;. Dropping terms of the

8 A Ko " 8kT 4kT Ko\ 0
5 Xij = (1 —a)) 0nttiXpnj + 0puj X — 20 ulR Rr,-rjrlrmtﬁ —4 ? —Q CW) — §_R§XW> -2 2 - CTR?F X(m,
(C17)
which can be further simplified as
0 ndRi K, Y 8kT 4kTk,
g = === Dy =4 7= )Gy = e Xan = 2\ 2= o X, (C18)

Using the definition of Ti;s) given in Eq. (Cl11b) and
Egs. (C16) and (C18), the equation of motion for the trace
component turns out to be

J - 2K nR2k

—T® + =2T® = ———*“p, C19
ot ¢ 2 (€19)

and the antisymmetric component is simply proportional to

the trace part,

Foa _ Koges)
Ke

(C20)

Regarding the traceless component Té;;, the set of two cou-
pled first-order equations of motion given in Eqs. (C16) and
(C18) can be expressed as a second-order equation of motion
for T() In order to achieve this, Eq. (C16) multiplied by

—Kijki and Eq. (C18) multiplied by 2;jx are added together
and 1n the resulting equatlons Cyjy is replaced by Cj) =

K3+Kg (KeVijut — Ko)/ijkl)(ﬂk,) + Qktmn mn)~ This produces a
system of equations of the form

d e -
a—Tf;§ aijle<§:l)> + Biju Xy + mijiDygay, (C21a)
0 ~ - N
§X<ij) = Cijle(S}; + niju Xy + vijuDgry, (C21b)

where i, Bijkis Sijkis Mijkis Mijki> Vijr are certain tensors
that we do not write explicitly due to the lengthiness of
the formulas, which are at the same time not particularly

illuminating. This system of equations is then reformulated
as

82
8t2 < (al]kl + Th]kl) (ﬂl}klé‘klmn - nljklaklmn)Tm”
0
= lfLijklED(kh + (Bijki Vidmn — Nijkt Kktmn ) D (mny - (C22)

This equation has the same form as Eq. (19).

In the end, the evolution of the stress tensor can be
described by a set of second-order differential equations.
However, in many cases of interest one is able to make ap-
proximations which reduce the problem to a set of much
simpler first-order equations. In what follows we shall fo-
cus on the odd-dumbbell model introduced in the main text
and we assume that the elastic relaxation rate k./{ and the
driving frequency €2 obey the inequality «./¢ > 2. This in-
troduces a separation of timescales, and the behavior of the
system is qualitatively different at short times ¢ ¢/, and at
longer times t >> ¢ /k,. Let us take a closer look at these two
regimes.

1. Short-time regime

This regime describes the behavior at times ¢ ¢ /k,, in
which case we approximate % ~ Kk./¢. The various terms
in Egs. (C16) and (C18) can be grouped according to
their magnitude, noticing that G o~ X; i~ 0(@)and k. /¢ >
Q, k./C > kT /(CR%). We observe that the majority of the
terms can be neglected due to their smallness, and the resultant

044605-12
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equations can be rewritten using the same procedure as the one
used to obtain Eq. (C22). The result is

0 d = (s) 2K€ = (s) ndRiKe dRzKO 0

ar Lor Lo 7 Tan g Pan + =Dl =0,
(C23a)

0 - 2k, n R K

—T® =79+ —=“D=0, C23b

o +— : + 5 ( )

7o _Lore — g, (C23¢)

Ke

The first of these equations can be rewritten with the help of
an integration constant %f@- j)» which physically corresponds

to the magnitude of Té;; after elastic relaxation:

2,.d 2,d
R:nk, R:n‘k,

9 =) 2k, .
Tij) = — 1 Pin = =Dy

FYRZ

(T -

(C24)

By including also the viscous part of the stress tensor as seen
in Eq. (C12) and setting « = O we recover the odd Jeffreys
model with coefficients given in Eq. (24). The constant stress
%;; cannot be determined from Eq. (C24) alone; still, it is
possible to find it by with the help of Eq. (C16), from which
follows that at times ¢ 3> ¢ /k, C;j) relaxes to

kT 2kTk, -
FRi (ijy — 2R2

ndRﬁg

W) N g Djy +
e

X " (C25)

From the definition of Tl;”, Eq. (C11b), follows that

d p2 dp2 2

. n“R:¢ Ko N°RIC 2kT -

Tij) =~ D<,-,->—K—‘ g Dlp — B 1+ 5 ) X))
e

Q2 kTk,\ 5,
\ 7 TR

For the purposes of analysing the numerical results, we will
be interested in the value of the correlator (T T(y) in the
situation when D;; = 0. Using the fact that the vector R; is
isotropically distributed in the steady state, one obtains

niRICQ 4kT k,
32 Rk,
It is also clear from Eq. (C23) that after ¢ > ¢ /k, both the

trace and the antisymmetric component of the stress tensor
relax to their equilibrium value of 0, provided D = 0.

(C26)

) + OW(KT)*). (C27)

(f(xx) f(xx)) =

2. Long-time regime

This regime describes the behavior at times ¢ > ¢ /k,. The

trace and the antisymmetric components of Ti;S) relax to
dp2 dp2
7o = IRE pen o _KelREL ooy
4 ’ K. 4 ’

which contributes to the total fluid viscosity. This relaxation
is related to the fact that only the traceless component of X;;
can have a nonzero value out of equilibrium. In the long-time
regime C’ (ij) 1s given by the formula Eq. (C25), which together
with the definition of T(S) in Eq. (C11b) and the formula for
the evolution of X;; in Eq (C18) produces the odd Jeffreys
model

.
ST T T

ot
d 0
= _)/XED(U Voa D”)
— (& + ¥YsXs — VoXo)Dyijy — (&5 + Voxs + Von)D?ij)
(C29)
with coefficients
_ 8kT 1+ K2 _ niR%¢
XS - ;Ri /(62 ’ )/x - 8 k)
& =1 —@)¥sxs + YoXos
4kT k, o dR2
KkR2C k. 8
Co = —a)VsXo — VoXs- (C30)

By including also the viscous part of the stress tensor as seen
in Eq. (C12) and setting « = 0 we recover the odd Jeffreys
model described with coefficients given in Eq. (26).

Let us conclude this section by determining the asymptotic
late-time form of the stress-energy tensor for a constant flow
D;j = const. This amounts to setting - T(S) 2Dyjy =0in

Eq. (C29), solving for T, and substltutmg the result in

L

Eq. (Cl1a). The result is

dp2
R
2 I’ldkTé‘ij " *C

T-(~S) = —ndkTSij — K— _—
2k, 4

tj

Dyij)

dR

2
"RL oo - aDM)e;j + O(d%). (C31)
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