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Active particles moving through fluids generate disturbance flows due to their activity.
For simplicity, the induced flow field is often modeled by the leading terms in a far-field
approximation of the Stokes equations, whose coefficients are the force, torque, and stresslet
(zeroth- and first-order force moments) of the active particle. This level of approximation
is quite useful, but may also fail to predict more complex behaviors that are observed
experimentally. In this study, to provide a better approximation, we evaluate the contribution
of the second-order force moments to the flow field and, by reciprocal theorem, present
explicit formulas for the stresslet dipole, rotlet dipole, and potential dipole for an arbitrarily
shaped active particle. As examples of this method, we derive modified Faxén laws for
active spherical particles and resolve higher-order moments for active rod-like particles.

DOLI: 10.1103/PhysRevFluids.3.044101

I. INTRODUCTION

Self-propulsion is ubiquitous in nature. Be it at the macroscopic scale of flying birds or the
microscopic scale of swimming bacteria, the motion of active matter results from converting internal
or ambient energy into mechanical work without any external input [1]. At sufficiently small scales
in viscous fluids, inertia is irrelevant and viscous dissipation dominates the motion of the fluid and
active particles within it [2]. In the absence of inertia, “reciprocal” body distortions are ineffective as
a propulsion mechanism, and so active particles must propel themselves by other means in this realm
[3]. There exist several techniques to achieve net locomotion in the low-Reynolds-number regime
[4-6]. For instance, microorganisms such as Paramecium and Volvox use small appendages called
cilia to facilitate motion [7]. Cilia generate thrust through a coordinated pattern of beating, which
may arise from hydrodynamic [8—10] or basal [11-13] interactions. Propulsion can also be achieved
synthetically by chemically active particles with asymmetric nonuniform surface properties [14—16].
In both of these examples, the effect of surface activity is confined to a narrow region surrounding
the particle and hence may be modeled using “apparent” slip velocities on the surface. This way, one
can explicitly find the propulsion speed and thereby the disturbance flow field, in terms of prescribed
(or measured) slip velocities [17].

For the inertialess motion of sufficiently small particles in viscous fluids, the flow field is often
approximated by far-field singularity solutions of the Stokes equations. To leading order, the flow
field decays linearly by distance (~1/|x|) and, at this level of approximation, the particle is replaced
by a point force (i.e., zeroth-order force moment) that leads to flow [18]. The next-order correction
to the flow field, which decays quadratically (~1/|x|?), can be expressed using a force dipole (i.e.,
first-order force moment), which is decomposed into a torque (the antisymmetric part) and a stresslet
(the symmetric part) [19]. In the absence of an external force, the overdamped motion of the particle
has no net hydrodynamic force or torque and so the stresslet governs the leading-order flow field.

*gelfring@mech.ubc.ca

2469-990X/2018/3(4)/044101(17) 044101-1 ©2018 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevFluids.3.044101&domain=pdf&date_stamp=2018-04-25
https://doi.org/10.1103/PhysRevFluids.3.044101

BABAK NASOURI AND GWYNN J. ELFRING

U+Qxr+u’

oB

FIG. 1. Schematic representation of an active particle of arbitrary shape. A point on the particle surface,
9B, is denoted by y, and X is a convenient reference point in the body. The instantaneous velocity of a point
on 313 is given by rigid-body translation U, rigid-body rotation £ x r, and surface slip velocity u’.

The importance of the stresslet in characterizing the interactions of active particles [20-22], the
rheology [23] and stability [24] of active suspensions, and the collective locomotion of bacteria
[25] is well documented. However, the stresslet term alone fails to explain behaviors such as the
“dancing” of two Volvox colonies when they are in proximity of one another [26], or the vortices
induced due to the motion of C. reinhardtii [27,28]. An emerging picture is that modeling the motion
using only terms up to the stresslet may limit understanding of how active particles interact with
their environment, which motivates investigation of higher-order force moments. In a recent study,
Ghose and Adhikari [29] showed that the swirling motion of an active spherical particle only appears
in the flow field decaying as ~1/|x|* and ~1/|x|*, and they derived expressions for higher-order
force moments of a sphere. In this study, we generalize their results by investigating the effects of
higher-order force moments on an arbitrarily shaped active particle, thereby extending recent general
results for the stresslet term by Lauga and Michelin [22]. Using the boundary integral equations, we
express the flow field around an active particle through a multipole expansion up to the contribution
of the second-order force moments. We then provide explicit formulas for these force moments by
exploiting the reciprocal theorem using a framework developed in [30].

The reciprocal theorem for low-Reynolds-number hydrodynamics has long been an avenue
to simplify calculations in Stokes flow [2,31-33]. Its application has ranged from inertialess jet
propulsion [34], to boundary-driven channel flow [35], to Marangoni motion of a droplet covered with
bulk-insoluble surfactants in a Poiseuille flow [36]. In particular, Stone and Samuel [37] showed that
the kinematics of an active particle can be determined explicitly, using the flow field induced by the
rigid-body motion of a passive particle of the same instantaneous shape. Subsequently, the reciprocal
theorem has been widely used to determine the kinematics of active particles both in Newtonian [4,38]
and non-Newtonian fluids [39-43]. This approach was recently extended to determine the stresslet
of active particles [22]. More recently, a general framework has been developed for finding the force
moments (of any order) of an active particle in a Newtonian (or non-Newtonian) fluid [30]. Following
that approach, in this study, we provide formulas for calculating the force moments up to the second
order, for any arbitrarily shaped active particle.

The paper is organized as follows. In Sec. II, we employ the boundary integral equation to describe
the disturbance flow field caused by an active particle. Using an asymptotic expansion of the far-field
flow, we show how the force moments contribute to the disturbance flow field. We then in Sec. III,
use the reciprocal theorem to find general expressions for these force moments and, as examples,
evaluate them explicitly for a spherical active particle, a generalized squirmer, and an active slender
rod.

II. MULTIPOLE EXPANSION

We consider a particle with boundary 95 in an otherwise unbounded Newtonian fluid of viscosity
w and background flow field u®, as shown in Fig. 1. Using the boundary integral equations, the
disturbance flow fieldu’ = u — u®™ can be expressed as a summation of single-layer and double-layer
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potentials [18,44]:

1 1
u(x) = —— [ f'(y) - J(x — y)dS(y) — —/ u'(y)n(y) : K(x — y)dS(y), (D
8wu Jys 87 Jas

where f' = n - ¢’ is the traction of disturbance stress tensor ¢/, y is the position that is 1ntegrated

over the particle surface, and n is the surface normal pointing into the fluid. Here J(x) = IXI + 2 W
the Green’s function of the Stokes equations (or the Oseen tensor) and K(x) = _Ii’l‘?x is its associated

stress tensor. Expanding in y about a convenient point in the body x, (for example the center of
mass),

J(X—y)=J(x—x0)—r~VJ(x—x0)~|—%rr:VVJ(x—xO)_|_..., )
Kx—y)=Kx-—-xp) —r- VKX —x¢) + -, 3)

where r =y — Xo. Equation (1) then takes the form

u((x) =— %[(f/) J(x —xp) — (f'r) : VI(x — x¢) + %(f’rr) OVVIx—x9)+-- ]
1
- g[(u/m : K(x — x¢) — (u'nr) © VK(x —xo) +--- . “4)

For convenience, in this work, we denote the surface integral by f B dS = (---). Wealsouse O to
denote a k-fold contraction where k = min{a,b} and a and b are the tensorial orders of the contracted
tensors, e.g., [(u'nr) © VKI; = (unirn) Vy Kiji. We define w'(x) = ), u'®(x), where u'?(x) is
the flow field that decays as |x| ™. At leading order, one can recognize the net hydrodynamic force
F = (f’) as the zeroth-order force moment. The presence of particle at this order is represented by a
point force of strength —F and the flow field is simply governed by a Stokeslet,

1
uP(x) = ———F - J(x — xo). (5)
8T

To find the flow field decaying as |x|~2, it is useful to decompose f'r and u'n, to their symmetric
and antisymmetric parts as f'r = D 4 Tl gng y/p = $odnw | wnonw Noging the symmetry
of K(x) and also recalling

x,-8<,-k + )C]'(S,‘k — xk&j _ 3x,-xjxk

VkJij = 3 5 (6)
(x1x7)2 (xrxp)2
we have
u?(x) = L[(r x ) - C(x — Xg) — l<u — l(f/ o) — pwu'n+ nu/)> cK(x — xo):|,
8t 2 2 3
1
= —— |:L Cx —xp) — —S K(x — x0)1| 7
871,u
Ixx

where L = (r x f’) is the antisymmetric first-order force moment, i.e., torque, and C(x) = = is
the associated rotlet (or couplet) tensor [45]. In using the cross product, we follow the convention
[r x £']; = €;jerj f{ and [I x r];; = €;ud;sr%, where € is the third-order permutation tensor. The

1
symmetric and deviatoric first-order force moment (i.e., £'r) along with the contribution of the

double-layer potential lead to S = ( r—2uu n) namely the stresslet [19]. The over-bracket denotes
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the fully symmetric and deviatoric parts of a tensor, which are defined as

T = (/2)105 + i) — (/35855

i

Tijk = (1 /6)Uijk + Uiy + Ujir + Wjri + Urij + Urji) — /I Ussi + Qsis + Liss)k;
+ ([]ssj + []sjs + []jss)(sik + ([]ssk + []sks + []kss)(gij}v (8)
for the second- and third-order tensors, respectively.
To determine the flow field decaying as |x| 3, we decompose the third-order tensors f'rr and u'nr

to their irreducible parts (see [46,47] for the decomposition technique). Now by taking the second
gradient of the Oseen tensor,

Vo Vidiy = Simbjk + 8jmbix — Sxmdij . 15 X j x5 X

3 7
(x1x1)2 (x1x;)?
38k + X jXmSik — XkXmSij + X j Xk 8im + XiXk 8 jm + XiX jOkm)

— : (€))

5
(x1x7)2

we obtain the next-order correction for the flow field,

W) = — — [(Frr—du ) © VK& — x0)] — ——[(e(r x £9) : VIV x J(x — x0)]]
32w u U

24w

- ;[(2|r|2f/ — (- fH)r+3u4@ -mr— @ -r)n— (r-nu']) - VI — xo)].
807 11
(10)

| e R m— |

We may then identify stresslet dipole Sp = (f'rr —4,u'nr), rotlet dipole Cp = (r(r x f’)), and
potential dipoled = (2[r|*f’ — (r - f))r + 3[40’ - n)r — (0’ - r)n — (r - n)u’]). Finally, we find the
flow field around the particle that decays slower than |x|~* as

1 1 1
uU(x)=— —|F - Jx—x0)+L-Cx—x0) — =S : K(x — x9) + =Sp ® VK(x — Xp)
8w 2 4
1
—Cp: T(x—xo)—i—md-VzJ(x—xo)}, (1D
where
€iksXsXj + €jksXsXi
Tijr = s (12)
(xrx1)2
is the tensor associated with the rotlet dipole.
Introducing a more compact notation through
S = [F3L7S78D7CD7ds e ]7
= ()0 x £, (FF —2g w'm), (F'er —dgcu'nr) (v x £)), Qe — (- £)r
+3u4@ -mr — @ -r)n — (r-mu)), -1, (13)
and
J =[J.C.(-1/2K,(1/HVK,=Y,(1/10)V?], - -], (14)
we obtain
1
uX)=—-——-S0J. (15)
8T
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We note in particular that
S =F + u(D'), (16)

represents the strengths of the multipoles of J which contains force moments from the single-layer
integral,

F = [(£).(r  £),(xf), ('70). (r(r x £)), 2[rF — (¢ - £)r), -], a7

and terms due to surface disturbance velocity from the double-layer,

D = [0,0,—2'n_u’|,—4u’nr 0,12’ -m)r — 3w’ -r)n — 3(r-mu’, - - - ]. (18)

Finally, we note S = S’ because all terms in S°° are zero, as the boundary integral equation vanishes
identically in that case [44].

To summarize, the second-order force moment is decomposed into a rotlet dipole, a stresslet dipole,
and a potential dipole, with contributions from the double-layer potentials. To better understand the
physical interpretation of these force moments, consider an active particle that propels itself forward
using flagella (e.g., E. coli). The force exerted by the flagella is completely balanced by the drag force
on the body and since the distribution of these two forces is separated in position (e.g., tail and head),
the induced flow field is captured by a stresslet. However, the length scales of the cell body and the
flagella differ, often by orders of magnitude, and so this asymmetry gives rise to a stresslet dipole. For
a case wherein flagella use rotation to generate thrust, the cell body must counter-rotate to maintain
the torque-free motion thereby generating a rotlet dipole. Finally, the finite size of the cell body
accounts for the presence of a potential dipole (further discussion may be found in Refs. [48,49]).

We should emphasize that the multipole expansion given in (15) is valid for an active (or passive)
particle of any arbitrary shape, in a viscous fluid. Given that J is generic for any unbounded single
particle, determining the flow field is reduced to finding the strengths S. Thus, both traction f’ and
disturbance surface velocity w'(x € d3) are needed. Although the latter may be explicitly prescribed
(e.g., through slip velocity), finding the traction generally requires solving the flow field in full.
However, one can avoid such calculations by using the Lorentz reciprocal theorem for the Stokes
flow [22,37,38] to calculate moments of t'. In the following, we employ the general framework given
in [30] to find the force moments and hence the multipole strengths S. Recovering the expressions
for force, torque and stresslet, we report explicit formulas for the stresslet dipole, rotlet dipole, and
potential dipole for an arbitrarily shaped active particle.

III. EVALUATING THE FORCE MOMENTS OF AN ACTIVE PARTICLE
We are interested in the motion of an active particle with boundary conditions
uxedB)=U+Lxr+u’, (19)

where U and € are the rigid-body translation and rotation of the particle while u’ is a velocity due
to surface activity, such as diffusiophoretic slip or a swimming gait [50,51]. As a dual (or auxiliary)
problem, here denoted by a hat, we take the passive motion of a rigid body of the same instantaneous
shape,

axedB) =U+L xr. (20)

The reciprocal theorem indicates that the virtual power of the motion of these two bodies is equal
[2], namely

am-o’ o) =pm-6" -u), (21)
where ' = & — G and 6’ = 6 — 6 are the disturbance flow and stress field for the auxiliary
problem, respectively. As we will show below, by using (operators of) the dual problem, the force
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moments of the active particle may be obtained without resolution of the disturbance field u’ nor
traction f’.

Following Elfring [30], we expand the background flow of the auxiliary problem around a point
in the body xq as

1%°(x € 0B) = U™(x0) + r- Va™(x) + 4rr : VVa™(xo) + - - , (22)

which by decomposing Via™ and VVa™ to their irreducible parts, can be rewritten
1°xedB) =0+ xr+r- E°+rr: I +(-r: A" +QrfI—rr) e+ ...
(23)
Here, U and  indicate the translation and rotation of the background flow of auxiliary problem

at xo. E® = Va* and I'™ = (1/2) VVa™ are the fully symmetric and deviatoric (E;’io =0, f‘l"s =
f‘fﬁ = fj‘jl = 0) second- and third-order tensors, respectively. AY = V(V x 0%) is a second-order

symmetric tensor and & = (1/10)V2@™. Using this expansion and relying on the linearity of the
Stokes equations, we can write

p=pPol, 24)
=600, (25)
¢ =pTol, (26)
F=-RoU, 27)
wherein the velocity gradients
U =[0-0°8- 0%, £ 1% A% —&°,...] (28)

are linearly mapped to the disturbance pressure, velocity, and stress fields by

ﬁ: [?Uaf)ﬂvf)Esf)rsf)Avf)es"']s (29)
GZ [GUvéﬂaGE’GF’GA7Ge9"']a (30)
1’: [TU7T97TE»TF,TA»T6‘,"'], (31)

which are functions of the position in space and the geometry of the particle and each term maintains
the symmetry of the term, against which it operates. R is the grand resistance tensor that linearly
maps velocity moments to force moments in the dual problem. The symmetry of the stress tensor
implies that all components of T are symmetric in their first two (or noncontracted) indices. Under
these definitions, the reciprocal theorem can be rewritten as

(m-o)-Gol=puu m-THHol. (32)

Importantly, given the boundary condition of the dual problem and the decomposition of the
background field, we know the terms in the operator G(x € d53) on the boundary of the particle,
which may be defined as

GU,ij = d;j, (33)

Ga.ij = €ijstss (34)
Jk

A —

Geijk = 8ijrx (35)
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Jjkm
A | —|
Grijim = 8ijrklm , (36)
jk
P ||
Ghijk = €ijstsTk (37)

A

Ge,ijkm = 28ijrsrs — rir, (38)

where the over-brackets are identical to (8) but only operate over the specified indices. In this way,
the operator acts precisely to map the traction f’ = n - ¢’ to the force moments:

F = G) = [(£).(r x '), (f), (Frr)., (x(r x £)), QI — @ £)r), 1. (39)

Now, given that 0'is arbitrarily chosen, we may discard it from both sides of Eq. (32). Applying
the boundary conditions on w’, and also expressing the rigid body translation and rotation as U =
[U,,0, -- -], Eq. (32) can be reduced to [30]

F’:—%ﬁOU+/L((uS—u°°)~(n-'i')). (40)
Then by way of (16), one obtains the multipole strengths as
§=-ZROU+u(@ —u)-m-+D), @1

where the double-layer potential contribution,

D =[0,0,—2n(u’ — u®),—4 ' — u®)nr,0,12[(u’ — u™®) - n]r
=3[ —u®) -rln — 3(r - n)(u®* —u™),---], (42)

is simplified as the terms associated with rigid-body motion integrate to zero [44].

Equation (41) provides the tensorial relationship between the boundary motion and the strength
of multipoles for any arbitrarily shaped active particle in Stokes flow. We note that the multipole
strengths are split into terms arising from the rigid-body motion of the particle, U, and those associated
with the (disturbance) surface activity u* — u>. Using this equation, one can derive explicit formulas
for S provided T is known, as we illustrate in the following.

We begin with F and L. In self-propulsion, in the absence of any external force and torque, the net
force and torque on the particle are strictly zero. However, to find the net translational and rotational
velocity (which are unknown at this point), we may use the reciprocal theorem for the force and
torque. Upon setting F = 0 and L = 0 in Eq. (41), we may solve for U directly:

N N -1
[g} K <l}” lf“’) : [H (43)

w\Rro Rpg
where  Rpy =—am-Ty), Rpg=-am-Tg), Rppy=-4rrxm -Ty)) and Rio=
—i(r x (n - Tg)) are the components of the grand resistance tensor R associated with rigid-body
motion. Here F* = p{((u® —u*)-(n- TU)) is the hydrodynamic force arising solely from the
surface activities (often referred to as the thrust) and L® = pu{(u® —u*)-(n - Tq)) is surface

activity driven torque. Equation (43) simply illustrates the balance between the force and torque
generated by the surface activities and the hydrodynamic drag.
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We may now determine other components of S by using (41) at higher orders. We obtain

S= —%(RSU U+Rgq Q)+, (44)
L D s
Sp = —E(RSDU U+ Rgyq - @) + S5, 45)
[T N
Cp = _E(RCDU U+ Repe - 2) + Cp, (46)
d= —%(Rw U+Ryg- @) +d', @7)

where the resistance tensors may be written in terms of T as follows:

ij

A L
Rsyijk = =i ns Ty sikr; ), (48)
ij
N .
Rsqijxk = —p{ ngTq skt ), (49)
ijk
R —
Rspv,ijkm = = ns Ty simFjric ), (50
ijk
N Y 1
Rsp0.ijkm = —U nsTq sim? i ), (51)
/R —
RCpU,ijk = _[‘\L«ns TU,snkejmnrirm>» (52)
ij
|
Repa.ije = —ﬂ<ns TQ,mkejmnrirm>» (53)
Rav,ij = =0 @2nsTy sijrirt — nsTy smirmri),s 54
Ruq.ij = —2nTo jrirs — ngTa gmirmti), (55)
and the contributions of the surface activities are likewise
'—A| | ——
S = (@ —u®)n: Ty -2 —u*)n), (56)
5 s 00 T s 0
Sp = p(@ —u*)n: Tr —4 (@’ — u™)nr), 57
1
Ch = u((@’ —u™)n: T,), (58)

d&* = (@ —u®)n: T, + 12[n- @ —u®)]r —3[r- @ —u®)n -3 0@’ —u®). (59
We should emphasize that all components of Tare unique for a given particle geometry. Therefore by

finding them once, we can determine the force moments for any prescribed surface activity provided
the shape does not change.
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A. Sphere

We now resolve the force moments of an active spherical particle, using the expressions reported
in the previous section. We take X to be the center of the sphere r = an, where a is the radius.
Details of the auxiliary flow field and stress field corresponding to each force moment (i.e., P,Gand
T) are reported in the Appendix.

Having Ty and TQ at hand, the rigid-body resistance tensors can be evaluated. We
find RFU = 67T/L£ZI RLQ = 877.’,&(1 I RdU 107T/La31 and [RFQ,RLU,RSU,R_S'Q,RSDU,RSDQ,
Re,u.Repa:Riql = 0.

The force and torque are respectively

3 2 3u
F = —6rauU — —M(u° —u®) = —6man|U—-(1+ L vr\u=| - —M(Ué), (60)
2a 6 2a
L=—-87a’u® +3u((u’ —u®) x n) = —8wa’ (R — %) + 3u(u’ x n), (61)

where U® and 2 are the velocity and rotation rate of the background flow at the center of the
sphere. If the particle is passive, u®* = 0, we recover Faxén’s first and second laws as expected. In the
absence of an external force and torque, the rigid-body translation and rotation of spherical active
particle with surface velocities u’ are given by

1
4 a?

U=-— (' —u™), (62)

Q=- {r x (u* —u*>)), (63)

8ma*t

as first shown by Anderson and Prieve [52] and later generalized [37,38]. Using the expression for
stresslet given in Eq. (44), we find

| —— | 2
§ = S’ —uSm) — Za(@’ — ) wL
207 na’ 2 — 2 ,
— V oo N _ s,
! (1 +2 )E Safa'm) — S L (64)

where E* = Vu®(x(). We note that this expression for the stresslet amends a typographical error in
the results of Lauga and Michelin [221 (Eq. (10) of that work). When the sphere is passive, Eq. (64)
recovers Faxén’s third law. By using T, we determine the stresslet dipole

35—
Sp= — Z,u,a((us - u°°)nn),
14 5 2 35 —
- “3”“ (1 ﬁvz)ro<> ~ Zpau'nm), (65)

where T = (1/2) VVu®(xp). The rotlet dipole is then similarly found,

Cp = 4pa([(w’ — u™) x nln),

= 16’;;”5 A + 4y’ nin), (66)
where A® = m. Finally, for the potential dipole, we arrive at
d = —107a’U + 15;“ 20’ — u™®) - nln — v’ + u™),
= —10mpa*(U — U®) 4+ 30uma’d™ + lS;z,u (2(u’® - n)n — u’), (67)
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withd*> = (1/ 10)V2u™(x). In total, for a spherical active particle, we have

3
S— [—671a,uU _ 2—“<uf —u®),—87a® R + 3 ((u’ — u™) x n),
a

1 2 35 | I — | T 1
—5u((u’ — uw)n)—gu«((us —u%)- m, ——-pa{(’ — u”)nn),4pa([(w’ —u™) x njn),

15
107 pa’U + %(2[@5 —u®)-nn—u +u®), - } (68)

B. Generalized squirmer

We now examine the expressions obtained above for the specific case of a sphere with purely
tangential surface activity, i.e., a squirmer [53-55]. One may then express u’ = upey + uyey in
spherical coordinates (r,6,¢) as [55]

2sind P™'(§) -
Z Z |: ————5——(Bup cosme + By, sinme)

na"+2
n=1 m=0

mP"(§)
a"tlsin@

Z Z |:s1n0P’” (é)(C,,m cosme + Cun sinme)

(Cpun cosme — Cpun sinm¢):|, (69)

at!
n=1 m=0

2mP(§)

m(fzm cosme — By, sin m¢>)i|, (70)

where P;"(§) is a Legendre function of order m and degree n, and the prime in P"'(¢) indicates
differentiation with respect to & = cos 6. Here, B,,,, By Cons and C,p, are constant coefficients
representing different modes of the surface activity. We find the net translational and rotational
velocities in terms of these coefficients and Cartesian unit vectors ey, €,, and e, as

4 ~
U=_g(Bmez_B]lex_B”e,V)’ 7D

1 ~
Q= —a—3(C01eZ —Cne —Crey). 72)

Stresslet, stresslet dipole, rotlet dipole, and potential dipole can be similarly determined:

127[ — . -
S = i [Bpo'e.e, —2Bpy'e.e; —2B1r'e e, +2Bxn(e e, —e e,) + 4By e e, ], (73)
87[“ 5 r 1 1 r 1 r D 1 r 1 r
Sp=— a? 5303 eece. +Bis(e.e e, —4e.ee +e.ee.)+ Biseee —4eee +eee,)

+ 10By(e e e, —eyee;) + 20855 e.e e, +10B33(3e.e e, —e.ee,)

— 10B33(3'e e e, — e e e, )], (74)

487TM r ~
Cp=— 5 [Cor'ee; —2C1n'e e, —2C 2 'e e, +2C (e e, —'eve,) +4Cn e e, ], (75)
SOnu
d=— (Bore; — Biie, — Bije,). (76)
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FIG. 2. Flow fields induced by nonzero force moments of an axisymmetric squirmer of radius 1, using
expressions given in (73) to (76). (a) Flow field due to a stresslet, for which we set By, = 1 and other coefficients
to zero. (b) Flow field due to a stresslet dipole with By; = 1. (c) Flow field induced by a potential dipole with
By, = 1. (d) Flow field due to a rotlet dipole with Cy, = 1. In (d), the color density indicates the magnitude of
the velocity where positive (negative) values indicate flow into the plane (out of the plane) [55].

By only keeping By, and Cy, terms in Egs. (69) and (70) and setting the other coefficients to zero,
the solution reduces to the axisymmetric motion of a squirmer [55]. In this case, by symmetry,
all the force moments generated by the surface activity are invariant by rotation with respect to

e.. Thus, as one can see from (73) to (76), they must be of form e_,'e.e.’,'e.e.e.’, ..., which
are the irreducible traceless rotation-invariant tensors of e,. The contribution of nonzero force
moments of an axisymmetric squirmer to the flow field is illustrated in Fig. 2. Note that, to
express the axisymmetric solutions in terms of tangential squirming modes B, used in Lighthill
[53] and Blake [54], one can simply set Cp, = O and substitute By, by —Z"—J:IZB,, in Egs. (71)
to (76).
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C. Axisymmetric slender rod

Let us now consider a slender rod, whose orientation is given by a unit vector p, with an
axisymmetric swimming gait along its length u’ = «(s)p in an otherwise quiescent fluid. Here s
parametrizes (by arc length) the centerline of the rod, e.g., s € [—//2,l/2] where [ is the length.

To find the force moments, we first decompose a surface integral into an integration around the
perimeter (denoted by R) in a plane with normal p and one over the length of the rod (denoted by s)
sothat (---) = ({-- - )p),. Using the resistive force theory for slender rods [4], we may approximate
the force density per unit length,

(n-6"g = ~Igpp+ A —pp)] -0, (77
where E” and Z, are the parallel and perpendicular drag coefficients. Under this approximation, finding
T does not require details of the auxiliary flow field, as we illustrate in the following. Recalling that
=600 andé’ = ﬂ-i- 0) lA.l,, one can write

an-T) = —([Gpp + LA - pp)] - G),. (78)

We note that G(x € dB) is known from Egs. (33) to (38).
To find the resistance tensors, from Eq. (78) we have

fm-Ty) == pp +{Ld — pp))s. (79)
thus
Rry = —am-Ty) = pp + £.A — pp))s = [§pp + . — pp)1l. (80)
Similarly, ~we  find  [Rro,Riy,Rsuy,Rsp0.Rep0.Riel =0,  Rpg = _%EJ_(I - PpP),
A 3 A A
Ry = S1¢pp +2¢.(I - pp)], and

Rsqijk = é—Z&(éikst + €jks Pi) Ps» (81)
A 3 A
Repuijk = ﬁgj_(piekjm + Pj€kim) Pm> (82)
A Pl (L
Rspu.ijkm T §1PiPj Pk Pm + S| SimPjPk — PiPjPk Pm | |- (33)

Now to find S, we substitute (78) in (41). Noting that (D) = 0 since (n)z = 0, we arrive at
S=-ZROU+u@ -,

_ _%ﬁ © U~ (ap- [gypp + 2.0 - pp)] - G,
=—%I§®U—§Hp-(aé)x. (34)

Note that ¢ = (M/ﬂ)fu and ¢, = (u/Q)Z, . From this equation, we find L* = 0, C}, = 0, and

F = —gp- (@Gy)s = —¢a)sp, (85)
S = —gp- (@Gr)s = —¢(sa);pp. (86)
Sp = —gp - (@Gr)s = —¢(s’a); PP, (87)
&’ = —gp - (@G.); = =g (s°a)sp, (88)
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which are in the form of irreducible traceless rotation-invariant tensors with regard to symmetry axis
p, as expected.
With no external force or torque acting on the rod, we can then determine the translational velocity

U= —(1/D{u’), = —=(1/D{a)sp, (89)
as also shown by Leshansky ef al. [56]. Recalling that L = 0, we find £ = 0.

IV. CONCLUSION

In this paper, we investigated the effects of higher-order force moments on the flow field induced
by an active particle. Using the boundary integral equations, we expressed the flow as a multipole
expansion and decomposed the contribution of second-order force moments into a stresslet dipole, a
rotlet dipole, and a potential dipole. Then, via the reciprocal theorem, we derived explicit formulas for
these force moments which are valid for an active particle of arbitrary shape and then evaluated them
for a spherical particle, a squirmer, and an axisymmetric slender rod. We believe that by providing
simple and explicit formulas for more accurate approximations of the flow-fields generated by active
particles, we may enhance our understanding of how these particles interact with their surroundings.
Given the generality of the employed framework, our results can be extended to capture the effect of
third (or higher) order force moments and also can be adapted to study the hydrodynamic interactions
between two [57] or many [58] active particles or active particles near boundaries [48,59].
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APPENDIX

Here we present expressions for the auxiliary flow field and stress field considered for an active
spherical particle. For simplicity, we define the flow associated with rigid-body translation as @i, =
Gy - (U — U®), which from Eq. (33) gives fi,,(x € dB) = U — U. Thus, for a sphere, Py, Gy,
and Ty can be simply found:

3a

Py; = <X, (A1)
2(x;x7)2
N 3a a’ 3a 3a3
Gy,ij = T+ = )8 + T — < | xix;, (A2)
4(xxp)? Axgxp)? 4xxp)? Axgxg)?
N 9a 1543 3a3
Tyijk = | — =+ = | xixjx; — =(x; 8 i + x ;8 + xi8;;). (A3)
200x)2 2(xx7)? 2(x;x7)2
Similarly, g (x € 08) = = floo) x r leads to
Po; =0, (A4)
N a3
Ga.ij = —€ijkXks (AS)
(x1x7)?
Taiix = — [€kisXj + €xjsXilxs. (A6)
(x1x;)2
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Relevant to the stresslet calculations, we impose @y (x € dB) =r - (—E*), in which E® is a
symmetric and deviatoric second-order tensor, and so

R 543 —
Pgij = ——— xixj, (A7)
(x1xp)?
s Ik 5 3 5
A a — a a —
Geijk = — 8ijxk+= = — —— |xixjxg, (A8)
(x1xp)? 2\ (qx)? (ux)?
. a’ 7a° 5a3
Tg ijim = —— (Ok;j0im + 0kidjm) +5 5 — —— | XiXj Xk Xm
(xixp)? (gxp?  (gxg)?
543
= (Okj XiXm + Oki X j Xy + SpmjXiXp + SmiXjXi)
2(x1x1)?
5a°
- m(&mxkxj + 8 jmXpXi + 8ijXxXp + 8 jxXiXm + Sik X jXom). (A9)
1X1

In determining the stresslet dipole, we have @}.(x € 0B) =rr : (=I™). Noting that I isa fully
symmetric, deviatoric third-order tensor, we find

A~ 35 & —
Prijy = ———— xixjxi , (A10)
4 (xx)?
Jjkm
N 1/ 1547 7> \—m— 35 a’ a’ P
Grijkm = 3 T — — | SimX Xk + 3 > — 5 )X XXk X (A1)
(xixp)2 ()2 (xp)? ()2
. 15 , SjkXm + Omjxx  TXjXpXm SikXm + SimXr  TXiXpXp
[ijkmn = —5 4 Oni 7 - 9 Snj 7 - 9
8 (xrxp)2 (x1x7)? (x1x7)? (x1x7)2
7 s {8 |:8jkxm + 8pmj Xk ijxkxmi| |:8ikxm + SimXk  SxiXpX i| }
— d%ls,; _ . _
8 (x)3 (x1x))? ()3 (xx))?
n 35 5|: 7xixjxkxmx,,i| 35 5 I:Sijxmxnxk 9x,-xjxmxnxki|
Rl el et el _
4 (xrx)? 4 (x1x1)? (uxp)®
35 a’ a’
+ = — - 5 [0 jkXiXmXn + 8 jmXiXp Xy + 8 jnXi XpXm + Sk X j X Xp
8 \(x)2  (x)2
+ 8imX j Xk Xp + SinX j XX ] (A12)

For a sphere with boundary condition @, (x € d3) = (¢ - r)r : (—f\oo), wherein A™ is a second-order
symmetric and deviatoric tensor, we have

Py =0, (A13)
jk
€EiimXmX
Gaije = g5 SmrmTk (A14)
(x1x7)?
. 5 o
TA,ijkm = 5 (Eiks(smjxs + ejks8mixx + €kmi X j + Ekmj)ci) - —zxmxs(eiksxj + €jmsxi)~
(x1x7)2 (x1xp)2
(A15)
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Finally, &(x € 3B) = 2|r|2I — rr) - (—é%) yields

N 543
ei = —5Xi, (A16)
2(x;x7)2
N 3a® 5a3 9a® 543
Ge,ij = ( 3 + 1 )(Sij - ( 3 3 )xixj, (A17)
A0gx)z Axxg)? Aagx)z AHxgx)?
N 15 3a’ a’ 9a°
Tg,,'jk = — T = T ) XiXjXp — —2(8,7-)6/{ + 5,'ka' + (Sjkx,-). (A18)
2 \(x)z (ux)? 2(x1x7)2
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