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In a Euclidean inertial plane a body initially at rest remains at rest until a
OPEN £~ AccESS disturbing force makes it leave the rest. Nonetheless, in a curved surface, a

deformable object can experience a finite amount of translation as a result of
cyclic deformations arising from internal forces caused by muscles, motors o
other means of shape alteration (Wisdom 2003). In brief, the body is said to
swim in the curved surface. The effective motion does not violate the law of
conservation of linear momentum but, rather, is a genuine generalization of
this law. The phenomenon reveals the existence of certain gauge fields on the
configuration space for such an object or system (Shapere & Wilczek 1989,
Littlejohn & Reinsch 1997). The net translation does not depend on the
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speed with which the shape changes but on the non-null Gauss curvature of
the surface. That is to say, the swimming phenomenon becomes ultimately
geometric (Avron & Kenneth 2006).

Although the existence of net translation from rest has been rigorously
established in different contexts, its dependency on the Gauss curvature
demands supplementary research efforts. Doubtlessly, the swimming motion
“depends on the intrinsic curvature of the manifold” (Wisdom 2003). In
Avron & Kenneth (2006) it has en passant been showed that “for a small
swimmer, the swimming distance in one stroke is determined by the Riemann
curvature times certain moments of the swimmer”. This suggests that,
in the best possible scenario, the effective translation would be directly
proportional to the surface curvature and that is certainly what happens in a
2-sphere (Blau 2003). However, this is not true for more general 2-manifolds
(Avron & Kenneth 2006, Blau 2003). Does the direct proportionality hold
at least within a reasonable approximation? We will below prove that this
question has an affirmative answer.

Diverse mathematical machinery has been employed to describe the
swimming phenomenon: embedded submanifolds of a real coordinate
space R” (Shapere & Wilczek, Blau 2003), complex variables techniques
(Cherman et al. 2000), generalized coordinates or abstract Riemannian
n-manifolds (Avron & Kenneth 2006), among others. Here we limit ourselves
to the simplest situation: a Riemannian surface, 7.e., a real 2-manifold furnished
with a smooth metric tensor or first fundamental form. Besides, our approach
is intrinsic, meaning that the surface is not considered as lying in a Euclidean
space or other ambient space. Arguments from physics should, into the
bargain, be crystal clear for the mathematician. The variational principle of
least action becomes here, without difficulties, a postulate. Noether’s Theorem
matches a mathematical theorem. We shall assume no further knowledge
on Lagrangian mechanics. Notions such as configuration space, shape space,
gauge potential, gauge convention and others constitute legitimate definitions.

First we define an appropriate configuration space in a curved surface, a
deformable body (lizard) and a shape space, that is, a set of shape coordinates
(Littlejohn & Reinsch 1997) for our problem. We also compute the velocities
of the particles forming the lizard as it performs certain cyclic motion.
Then, we obtain the Lagrangian of the dynamical system and deal with the
consequences of the principle of least action. Needless to say, Noether’s
Theorem provides a mighty tool for exploiting the local symmetries of the
configuration space. The first integrals (quantities conserved in time) of the
Euler-Lagrange system supply a system of differential equations relating
the configuration coordinates with the shape coordinates. The core of this
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paper is reached later, when we introduce some infinitesimal approximations
and make explicit the gauge convention. Certainly, in order to separate the
configuration variables from the shape variables in the differential system, it
is necessary to make simplifications, including linear approximations to the
coetficients of the first fundamental form.

With these elements, we are ready to present our findings. First of all, we
give yet another proof of the existence of a finite net translation resulting
from a cyclic deformation of the shape, for our particular system (lizard).
Our principal result is, howbeit, the affirmative answer to the previous
question concerning the dependency of such finite amount of translation
on the Gaussian curvature of the surface at the point of interest. Videlicet,
under reachable simplifications, the translation is directly proportional to the
intrinsic curvature.

Gauge kinematics

A configuration space is, for our purposes, a way to visualize the “state” of a
special system as a point in a Riemannian 2-manifold. In such manner, our
configuration space will specifically be an open subset of V' of a Riemannian
2-manifold equipped with isothermal coordinates (#,v). Gauss (1822) proved
the existence of such a local coordinate system within the frame of a general
theory on the the conformal representation of one surface upon other.
Dealing with a “small swimmer” only involves local coordinates in a “small”
neighborhood of a point in the surface.

Isothermal coordinates on the Riemannian surface V are local coordinates
whose metric is conformal to the Fuclidean metric. The metric form is thus
given by

g =ds*=Adu’+dv?), (1)

where A= A(#,v) > 0 is the sole metric coefficient. Given a curve y in V that
makes constant angle with the #— (and the v—) axis, its geodesic curvature k
is the intrinsic geometric quantity yielding Liouville’s formula

_ 1/ JdlogA Jdlog A
/eds_2<— B du+ ED dv). )

The value of & measures how far is y from being a geodesic. The celebrated
Theorema Egregium assures then that the Gauss curvature K of a surface also
remains invariant under local isometries. Furthermore, the Gauss-Bonnet
differential relation
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KAdu Ndv=—d(kds)
__1<5leog/1 9%log A
2\ du? dov?

>d%/\dv )

builds a walkable bridge between the geodesic curvature and the Gauss
curvature. For the proofs and details of these theorems on Riemannian
surfaces, we refer the interested reader to Stoker (1969).

The system or lizard consists of four massless deformable limbs connected
at one end in a common point P € V as it is illustrated in Fig. 1 The figure
resembles a plus sign or a cross. Two limbs or legs extend sideways in opposite
directions from P along a #-curve, that is, a curve for which v is a constant.
The remaining limbs (neck and tail) spread out perpendicularly in opposite
directions from P over a v-curve, a curve with constant #. These limbs have
equal masses 7 attached to their free ends. The whole system is contained in
V at all times, .e. the lizard is a small swimmer. The four right angles at P

are rigid (incapable of being deformed).

We conceive muscles or other agents acting within the lizard to change the
length of the limbs. While the configuration of the system is specified by the
coordinates #, v, the lengths of the limbs can be regarded as shape coordinates.
The shape space will constitute, for the time being, certain 2-manifold with
coordinates @, 3, where o denotes the common length to the legs and [ is
the common length to neck and tail.

m P

Figure 1. Lizard in configuration space #, v.
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The possible values of @ and 8 guarantee that no point of the lizard goes
beyond the boundary of V. Their initial values are respectively a,, 5,. The
lizard performs a cyclic motion due exclusively to internal forces, stretching
and shrinking its limbs, just like delineating a rhombus (or any other Jordan
curve) in the shape space, returning finally back to the initial point. Cf. Fig. 2

The configuration coordinates of the four masses, as functions of time, are

wn—a,v; uta,v; w,v—L0; wu,v+p. “)

Gauge dynamics

A straightforward calculation of the corresponding squared velocities in terms
of the metric coefficient yields the classical Lagrangian of our system or lizard:

L= x {Au—ao)[(i—a) +57]

+ A +a,v) (4 + a)* + %]
+Amo— B[ +@G—BF] 6

) W+
+ A, v+ B[+ (9 + B}

Configuration and shape mix together in this expression. We do not have yet an
explicit relation between configuration coordinates and shape coordinates (gauge
convention) and so, we have yet no way to check whether or not L is a gauge invariant.

o

(a0, Bo)

Figure 2. Rhombus o in shape space @, 3.
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In order to determine the dynamical trajectory of a point in the lizard, we resort
to the principle of least action. This is a powerful variational principle of particle
and continuum systems. The Hamilton action is the real-valued functional of the
trajectories

S:JL(t)dt, 6)

from an initial to a final configuration in a specified time interval. Among all
possible trajectories that the system could conceivably take, one selects (the) one that
minimizes the action. Briefly, actual trajectories are those having least action. The
true trajectory must, in this case, satisfy a system of differential equations, called the
Euler-Lagrange equations.

Instead of attempting to solve directly these equations, we profit from some families
of infinitesimal transformations on V which leave invariant the Lagrangian L. Each
of such families produces a quantity whose values are conserved in time or, more
precisely, a first integral of the Euler-Lagrange system. Noether’s Theorem assures
the legitimacy of these “conservation laws”. Since the Lagrangian may be written
in the form L = L(p,w,), where p = (#,v) and w, = (#,9) € T,(V') (the tangent
space to V at point p), it defines a fiberwise function L : 7V — R on the tangent
bundle 7'V, into the set of real numbers R. A diffeomorphism 5 : V — V leaves L
invariant if

L(b(p)’dbp'wp):[*(p>wp) @)

where dbh : TV — TV stands for the fiberwise derivative of 5. Moreover, let E be
an interval of real numbers containing zero, and {, : € € E} an indexed system of
diffeomorphisms of V leaving L invariant. This system is called a one-parameter
family of diffeomorphisms of V' when (7) the expression b, is differentiable with
respect to € and (ii) by is the identity map on V. Under these circumstances, once we
write conveniently

h(u,v)=X(u,v;¢),®(n,v;¢)), € €E, 8)
Noether’s Theorem ensures that the quantity

orov arae
du Je dv de

is a first integral of motion.

(0) ©)

Now, the usual laws of conservation of energy and the angular momentum of classical
mechanics are translated into relativity by postulating the existence of Killing vector
fields. This will be the approach we will embrace. A Killing vector field is a vector
field on the surface V that preserves the metric. That is, the Lie derivative of the
metric with respect to a Killing vector field vanishes. By well-known results in
Atkins (2011), the Lie algebra of local Killing fields for a regular Riemannian surface
may be one of five possible choices, including the trivial algebra. Riemannian surfaces
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V of non-vanishing constant Gaussian curvature, for example, are (locally) symmetric
and admit three of such fields. Meaningfully, every differentiable Killing field in the
neighborhood V' determines a one-parameter family of diffeomorphims of V' leaving
the above Lagrangian invariant. Specifically, each infinitesimal transformation arising
from a Killing field (£, {) implies the conservation of

aL aL
P=— o . 10
£+ 5oL @) 1)
Since the lizard lies initially at rest, we have that P =0.
Assumption 1.

We assume that there are two independent Killings fields on V' so that

JL JdL
du dov 1D

The classification of regular Riemannian surfaces in Atkins (2011) guarantees that
Assumption 1 holds whenever V' is -locally- isometric to a surface of constant
(positive, negative or zero) Gaussian curvature. Since these surfaces comprise parts
of spheres, pseudospheres and developable surfaces, the application of our results is
wide. The remaining cases demand further research. It is also important to keep in
mind that we are dealing only with local, but not global, properties of differential
surfaces.

In this way,

Au—a,v)(an—a)+ A(u+a,v)(n+a)
+ Au,v—PB)a+ Au,v+ B)n =0, (12)

A0 — B)(&— B)+ A, v + B)(5 + B)
+A(n—a,v)0+ Au+a,v)0=0. (13)

Or, put differently,
An—a,v)—Au+a,v) .
A —a,0)+ Au+a,v)+ Au,v— B)+ Au,v+ 3)

. AMu,v—LB)— Au,v+ ) )
v= AMu—a,v)+ AMu+a,v)+ Au,v—B)+ A(u,v+ ) B- (15)

(14)

w=

As there is no apparent general method to separate the variables, we try now to
approximate this system of ordinary differential equations.
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Gauge convention

A gauge convention is a manner for attaching a shape frame to a flexible body. In the
case of the lizard we have implicitly supposed the existence of a bijective coordinate
transformation

(n+a,0+ )= (ag+a, Lo+ ). (16)

This will be our gauge convention. By the way, it also furnishes a Riemannian
structure to the shape space via

Mag+a, Bo+ B) = Aug+a,v5+ f3), (17)

where (#y,vy) € V.. This relation also defines an isometry between a neighborhood of
(9, v,) in the configuration space onto a neighborhood of (g, B,) in the shape space.
(#9,vy) may be, for instance, the point P where the lizard’s limbs join themselves
together at rest before the deformation takes place.

With this in mind, we proceed to write the approximation of our nonlinear system.
Assumption 2.

There would be no harm in fixing the points (#,v) at (#,, v,) in such a way that

-~ Ao — a, v5) — A(no + 2, vp) B
Ay —a,vp) + Ao + @, ) + Ao, v — B) + Alug, v+ )
(g, v — B)— A(ng, v + 3)

b~ Ay — @, 00) + At + @, v6) + Ao, vo— B) + A, vy + 3) 5. (19

(18)

n

By means of the previous isometry, we are now able to separate the shape coordinates
on the right side of the equations:

i~ Aag—a, By) — Ay +a, o)
Aag—a, Bo) + Alag+a, Bo) + Aag, Bo— B) + Aag, Bo+ B)

. Aag, Bo—B)— Aag, By + B) ﬁ 1)
Aag—a, Bo) + Mag+a, Bo) + Aag, Bo— B) + Aag, Bo+ )

&, (20)

Immediately after that, we linearize or give a linear form to the metric coefficients
through the customary first-order Taylor polynomial

NagEa, Box )=~ Ay, Bo) + %(“o’ﬁo) - (£a)

A
+ ﬁ(“o’/go) (£P)- (22)
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We are, in such a manner, left with

. a A .
" ~—m%(%,ﬁo) a, (23)
VR 524 (20, B) f5- (24)

_2/1(0‘0’/50)3

Finally, we release back the shape coordinates to their possible values, i.e., we allow
them to vary in the whole range by exchanging the roles of (g, 8,) and (, 5).

Assumption 3.

The estimated equations turn out to be

i 200 Bedh
Y P Tpagh @3

where A, % and % are functions of (a, /).
Without loss of generality, we set 0, := oy = ;.

We now take advantage of the appealing language of differential forms to establish
the sought amount of translation. First, we need to choose a convenient 1-form on
V, that is, a smooth section of the cotangent bundle. Although for some surfaces
(spheres, for example) the simple 1-form du (or dv) suffices, as an easy calculation
shows, in our general setting we might be interested in the 1-form d# + dv, or
something of its sort. After careful consideration, we make use of the Hodge star
operator to obtain an approximation to the form

co:*(du—i—d‘v)&%(

Jdlog A Jdlog A >
Y da ED dg). (26)

The (approximation to the) exterior derivative of e can be normalized by the metric
coefficient A, that is,

Oy I%logh I?logA
dwzﬁ<— EIS I Y >/1da/\dﬂ
=0,K Adandp. 27)

By virtue of Stokes Theorem, the net finite amount of translation resulting from a
deformation cycle -one stroke along a rhombus o in the shape space- can then be
assimilated to the integral

QOUKMO,AM. 28)
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We summarize the main results in the following

Theorem. Let the Gauss curvature K be non-vanishing on V. Under the assumptions
1, 2 and 3, a cyclic change or stroke in the shape of the lizard (as described above) leads
to a net translation. The amount of translation equals the product of 0, the area A()
of thombus o (in the Riemannian shape space) and the Gaussian curvature K(x) of the
surface at a point x € V:

0y x A(0) X K(x).

The last statement is just but a forthright consequence of the Mean Value Theorem
for integrals together with the fact that the configuration space and the shape space
are (locally) isometric.

Concluding remarks

While there are still many questions left unanswered about the dependence of the net
translation on the Gauss curvature, our aim in this paper was to establish one thing:
that at least under suitable simplifying assumptions, the proportionality is direct.
Moreover, we contend that studious examination of infinitesimal transformations
arising from Killing fields as well as plausible isometries between the configuration
space and the shape space should be carried out in order to elucidate such a
dependence.

A makeshift notion of inertial frame makes sense in the cadre of intrinsic Geometry.
Instead of a fixed Euclidean frame of reference attached to an origin point, it is here
convenient to consider a moving frame or repére mobile on the surface. In a moving
frame the linear or translational momentum retains a great deal of its significance.

Acknowledgements

This paper was supported by the University of Tolima, Colombia. We thank
professors José Herman Mufioz and Juan Pablo Yafiez who provided insight and
expertise to this research. Also, we greatly appreciate the reviewers’ comments. They
helped to improve the manuscript.

Conflict of interest
None.
References

Atkins R. The Lie Algebra of Local Killing Fields, The Open
Mathematics Journal, 4: 5-11, 2011.

doi: 10.2174/1874117701104010005

Universitas Scientiarum Vol 23 (2): 319-331 bitp:/ | ciencias.javeriana.edn.co/ investigacion/ nniversitas-scientiarum


http://doi.org/10.2174/1874117701104010005

Solanilla et al.

329

Blau SK. The Force Need Not Be with You: Curvature Begets
Motion, Physics Today, 56: 6-21, 2003.

doi: 10.1063/1.1595043

Avron JE, Kenneth O. Swimming in curved space or the Baron and
the cat, New Journal of Physics, 8: 2-15, 2006.

doi: 10.1088/1367-2630/8/5/068

Cherman A, Delgado J, Duda F, Ehlers K, Koiller J, Montgomery
R. Low Reynolds Number Swimming in Two Dimensions, Wor/d

Scientific Monograph Series in Mathematic Hamiltonian Systems and
Celestial Mechanics, 1: 32-62, 2000.

doi: 10.1142/9789812792099_0003

Gauss CE. Allgemeine Auflésung der Aufgabe: die Theile einer
gegebnen Fliche auf einer andern gegenen Fliche so abzubilden,
dass die Abbildung dem Abgebildeten in den kleinsten Theilen
ahnlich  ist.  (Copenhagen: Die koéniglichen  Socitetit
der Wissenschaften), SLUB Wir fiibren Wissen, 1822.

Retrieved from http://digital.slub-dresden.de/wetkansicht/
dlf/29517/1/

Littlejohn RG, Reinsch M. Gauge fields in the separation of
rotations and internal motions in the n-body problem, Reviews of

Modern Physics, 69(1): 213-276, 1997.
doi: 10.1103/revmodphys.69.213
Shapere A, Wilczek F. Geometry of self-propulsion atlow Reynolds
numbert, Journal of Fluid Mechanics, 198: 557-585,1989.
doi: 10.1017/5002211208900025X

Stoker JJ. Differential Geometry. New York: Wiley, 1989.
doi: 10.1002/9781118165461

Wisdom J. Swimming in Spacetime: Motion by Cyclic Changes in
Body Shape, Science, 299(5614): 1865-1869, 2003.
doi: 10.1126/science.1081406

Universitas Scientiarum Vol 23 (2): 319-331 bitp:/ | ciencias.javeriana.edn.co/ investigacion/ nniversitas-scientiarum


http://doi.org/10.1063/1.1595043
http://doi.org/10.1088/1367-2630/8/5/068
http://doi.org/10.1142/9789812792099_0003
http://digital.slub-dresden.de/werkansicht/dlf/29517/1/
http://doi.org/10.1103/revmodphys.69.213
http://doi.org/10.1017/S002211208900025X
http://doi.org/10.1002/9781118165461
http://doi.org/10.1126/science.1081406

330

Swinming on Curved Surfaces

Natacién en superficies curvas y curvatura gaussiana

Resumen. El paradigma newtoniano de la mecanica establece que, en
un sistema de referencia inercial, un cuerpo permanece en reposo o se
mueve uniformemente en una recta, amenos que una fuerza externa actie
sobre él. Esta afirmacion crucial falla cuando los conceptos clasicos de
espacio, tiempo y medicién son inadecuados. Si, por ejemplo, el espacio
no es euclidiano, el cuerpo podria abandonar el reposo en ausencia de
fuerza externa aplicada. En este articulo examinamos matematicamente
el movimiento de un pequefio objeto o lagartija en una superficie curva
cualquiera. En particular, permitimos que la forma del lagarto sufra
una deformacién ciclica debida exclusivamente a fuerzas internas, de
modo que la cantidad de movimiento lineal se conserva. Ademas del
fenémeno de traslaciéon o natacion, probamos —bajo ciertas suposiciones
simplificadoras— que dicha traslacién es directamente proporcional a la
curvatura gaussiana de la superficie en el punto donde yace la lagartija.

Palabras clave: geometria diferencial no-euclidiana; geometria
riemanniana local; formalismo lagrangiano; ecuaciones de movimiento.

Natag¢ao em superficies curvas e curvatura Gaussiana

Resumo. O paradigma Newtoniano da mecanica prevé que, em
um referencial inercial (Galileano), um corpo esta parado ou se
movimentando em linha reta e com velocidade constante, a menos que
uma forg¢a externa atue sobre ele. Essa declara¢ao crucial falha quando
os conceitos classicos de espaco, tempo e medi¢ao sao inadequados. Se,
por exemplo, o espaco nido é euclidiano, o corpo pode sair do repouso
sem ser impelido por uma forca externa. Neste artigo, examinamos
matematicamente o movimento de um pequeno objeto (lagartixa) em
qualquer superficie curva. Em particular, permitimos que a forma da
lagartixa sofra uma deformagdao causada exclusivamente por forgas
internas, de modo que o momento linear seja conservado. Além
do fendomeno da translagio ou da natagdo, provamos —sob certos
pressupostos simplificadores— que a translacido efetiva ¢ diretamente
proporcional a curvatura Gaussiana da superficie.

Palavras-chave: geometria diferencial nao euclidiana; geometria
riemanniana local; formalismo lagrangiano; equa¢des de movimento.

Universitas Scientiarum Vol 23 (2): 319-331 bitp:/ | ciencias.javeriana.edn.co/ investigacion/ nniversitas-scientiarum



Solanilla et al. 331

Leonardo Solanilla

Was born in Ibagué, Tolima, Colombian Andes. He studied electrical
engineering at the Universidad de Los Andes in Bogota, obtained a
M.Sc. and a Ph.D. in mathematics from Tulane University and joined the
Department of Mathematics and Statistics at the Universidad del Tolima.
His research interests are in classical analysis.

William O. Clavijo

Was born in Chaparral, Colombia. He obtained a B.Sc. in Mathematics
from the Universidad del Tolima in 2017. He is presently pursuing a
M.Sc. in mathematics at the Universidade Federal de Itajuba (UNIFEI),
Minas Gerais, Brazil.

Yéssica P. Velasco

Was born in Ibagué, Colombia. She obtained a B.Sc. in Mathematics from
the Universidad del Tolima in 2017. She is currently an instructor of
mathematics in her hometown.

Universitas Scientiarum Vol 23 (2): 319-331 bitp:/ | ciencias.javeriana.edn.co/ investigacion/ nniversitas-scientiarum





