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Part 1

Galilean Mechanics






Chapter 1

Galileo’s Principle of Relativity

1.1 Events and space-time

Definition 1.1 An event X is just an occurence at a specific moment and at a
specific place. The space-time (or universe) is the set U of all the events.

The lightning stricking a tree, a crash, the battle of Fontenoy, a birthday, the recep-
tion of an e-mail by a computer are some examples of events. Most of the events
are relatively blurred, without either beginning or end or precisely defined localiza-
tion. The events which, within the limits imposed by our measuring instruments,
seem instantaneous and pointwise are called punctual events. In the sequel, when
talking about events, the reader is referred only to punctual events.

Definition 1.2 A particle is an object appearing as a pointwise phenomenon en-
dowed with some time persistence.

We can see it as a sequence of events. A trace can be kept for instance thanks to a
film consisting of frames recorded by a camera. Of course this kind of observations
has a discontinuous feature. If a high-speed camera is used, the observed events are
closer. If we imagine as the time resolution can be arbitrarely reduced, a continuous
sequence of events is obtained.

Definition 1.3 a trajectory is the continuous sequence of events revealing the per-
sistency of a particle and represented by a continuous map t — X(t).
1.2 Event coordinates

1.2.1 When?

The clock is an instrument allowing to measure the durations.
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Definition 1.4 By the choice of a reference event Xy to which the time tg = 0 is
assigned, an observer can assign to any event X a number t called the date, equal
to the duration between Xy and X, if X succeeds to Xg, and to its opposite, if X
precedes X .

Conversely, the duration elapsed between two events X; and Xj is calculated as
the date difference At = to — t1. We assume that all the clocks are synchronized,
i.e. they measure the same duration between any events:

At = At . (1.1)

This means each clock measures the durations with the same unit (the second for
instance). This entails also that if a clock assigns a date t' to some event, the other
one assigns to the same event a date t = ¢’ +7 where 7 depends only on both clocks.

Definition 1.5 two events are simultaneous if, measured with the same clock,
their dates are identical.

Clearly, if two events are simultaneous for a clock, it is so for any other one.

1.2.2 Where?

The most common measuring instrument for a distance is the graduated ruler. Of
course, there exist less accurate instruments (the land-surveyor’s string or measuring
tape) while other ones are much more (especially thanks to the lasers) but, for the
simplicity of the presentation, the reader is only referred to the rulers as distance
measuring instruments.

Whatever, we have just to know that the ruler allows us measuring the distance
As between two simultaneous events X; and Xy. We assume all the rulers are
standardized in the sense they measure the same distance between events:

As = As' . (1.2)

This means each ruler measures the durations with the same unit (the metre for
instance). Let us have a break now to explain the meaning of the simultaneity
between events. When they fit the ruler graduations, the observer is informed by
light signals. The essential point is —as said before— these signals arrive to the
observer with an infinite velocity, then instantaneously.

As we assigned to each event a date, we would like to assign it a position.
Whithout entering into details of the measurement method which are not useful to
our discussion, let say only that —in addition to the rulers— instruments are required
to measure the angles, for instance set squares and protractors. We admit the
measurement method allows an observer assigning to any event X three coordinates

r1,72,73. The column vector gathering them:



is called position of X.

Definition 1.6 to each event X, an observer can assign a time t —in the sense
defined by[T.7 and a column r € R3, called the position, by the choice of a reference
event Xy with position ro = 0 and in such way that for any distinct but simultaneous
events X1, Xo and X3 of respective positions r1, ro and rs,

o if Ar =19 —ry, we can calculate the distance between the first two by:

As =| Arl,

e and the angle 6 between the segments Ar and A'r = r3 —ry by:

cos(f) = Ar-A'r / || Ar | || Alr ] .

In short, any observer has available instruments measuring durations, distances
and angles. This allows him assigning to each event X a date ¢ and a position r. In
the sequel, we adopt the following convention:

Convention 1.1 Coordinate labels:

e Latin indices i,j,k and so on run over the spacial coordinate labels, usually,
1,2,3 orz,y, 2.

o Greek indices a, B,y and so on run over the four space-time coordinate labels
0,1,2,3 ort,z,y, 2.
Definition 1.7 to each event X, a column X € R%:

t

t rl
X_<7,>_ 7,2 )

,r.3

is assigned by an observer. Their components X0 =t, X' = r' are called coordi-
nates of the event. The assignment is one-to-one. Fach observer creates his own
coordinate system.

Hence, an observer can record the trajectory of a particle ¢ — X(¢) thanks to an
assignment ¢ — X (¢) in his own coordinate system.

Additionally, the length and angle measures allow to calculate the areas and
volumes, at least for simple geometrical objects.

Definition 1.8 The positions being determined by an observer for simultaneous
events:
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e the positions of three of its vertices being 1,719, 73, the area of a parallelogram

1s calculated by:
S=||Arx A'r ],

with Ar =r9 —ry and A'r = r3 —ry;

e three adjoining faces of it being defined by four of its vertices r1,r2,73,74, the
oriented volume of a parallelepiped is calculated by:

V = (Ar x A'r)- A'r,

withA"r = rqy — 7.

1.3 Galilean transformations

1.3.1 Uniform straight motion

Newton’s first law claims the velocity of a particle or a body remains constant
unless the body is acted upon by an external force. This assumes we know what is a
force, at least intuitively. We prefer to take it as starting point to define the forces.

Definition 1.9 A force is a phenomenon modifying the velocity of a particle. Hence
a force free particle moves in a straight line at uniform velocity. This is the uni-
form straight motion (USM). If the velocity is null, the particle is said to be at
rest in the considered coordinate system.

The problem is that gravity is a large scale force affecting all matter equally,
so there are no completely free particles, even in the deep sky. On the earth, ex-
periences of USM can be carried out only in reduced regions of the space-time, for
instance during a small enough duration or with objects moving without friction on
an horizontal plane. The motion of a free particle is given by

r=179+ut,

where the initial position 79 € R? at ¢ = 0 and the uniform velocity u € R3 are
constant. The event "the particle is passing through rg at ¢ = 0” is represented in
the considered coordinate system by

u-(2)
v-(1)

the event "the particle is in r at ¢” is represented by

Introducing the 4-column

X=Xo+Ut. (1.3)
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Definition 1.10 With respect to a given family of coordinate systems, a character-
istic of an object or a quantity is invariant if its representation in all the systems
of the family is identical. We talk also about the invariance of the caracteristic or
the quantity.

For instance, let us consider the family of the coordinate systems of observers for
which the motion of the same particle is straight and uniform. We would like to ask
the following question: which are the coordinate changes X’ — X of this family?

Theorem 1.11 The coordinate changes for which are invariant:
e the uniform straight motions,
e the durations,
e the distances and angles,
e the oriented volumes,

are regular affine maps of the following form:

_ / (T . 1 0
X =PX +C, C_<k>’ P_<uR>’ (1.4)
where 7 € R, k € R3, u € R and R € SO(3) [Comment 1].

Proof. The parameterization [[.3] of the trajectory being affine, the coordinate
change in R* preserves straight lines and the middle of segments. As a parallelo-
gram is a quadrilateral whose the diagonals meet in their middle, the coordinate
change preserves parallelograms and, reasonning by reccurence, parallelepipeds and
parallelotopes. So the coordinate change is affine:

X=PX'+C, (1.5)

where C' € R* and the 4 x 4 matrix P are constant. As the coordinate systems
define one-to-one assignments from X into the event X, the coordinate change is
also one-to-one. Considering the difference of the columns representing two events
X; and Xy in the considered coordinate systems:

/
AX=X2—X1=<§;{>, AX/:XQ—X{:<2;>7

we obtain a linear relation:
AX=PAX . (1.6)

Next we put:



where o, 7 € R, u,w, k € R3 and F is a 3 x 3 matrix. Hence, gives:
At=aAt +wlAr.

Identifying it with condition [[.T] ensuring the invariance of the duration gives:

Hence, one has:

j < i ) ) . (1.7)
As P is regular, F' must be so. Hence gives for simultaneous events:

Ar=FAr
The invariance of the distance reads:

(AT FTEFAY = (AT Ar.
The column A1’ being arbitrary, one obtains:
FTF =1gs .

The matrix F' is orthogonal. Taking into account that oriented volumes [[.8 are
transformed as:
V' =det(F)V ,

their invariance entails that F' is a rotation that we denote R afterwards. As
det(P) = det(R) = 1, P is regular and the affine map X’ — X so is. B

Definition 1.12 The coordinate changes are called Galilean transforma-
tions. Any of them can be obtained composing elementary ones among:

e clock change 7 (withk=u=0, R=0): t=t+71,r=1/,

spatial translation k: t =t', r =1+ k,

rotation R: t' =t,r=R 1/,
e Galilean boost or velocity of transport u: t =t', r =r' + ut.

A general Galilean transformation reads:

r=Rr +ut +k t=t+71, (1.8)

C:(Z), P:<i2>, (1.9)

16
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1.3.2 Principle of relativity

If a particle is in Uniform Straight Motion for an observer, so is for any other
observer. Hence all the coordinate systems in the sense defined by [[.6l are equivalent,
including the ones in which the particle is at rest. In other words, we admit in
particular the equivalence between the motion and rest. Galileo Galilei proposed
in his famous ”Dialogue concerning the two chief world systems” (1632) this point
of view according to which the observations of physical phenomena do not allow to
know if we are in motion or at rest, provided the motion is straight and uniform.
Galileo’s principle of relativity turns this from a negative to a positive statement:

Principle 1.13 The statement of the physical laws of the classical mechanics is the
same in all the coordinate systems in the sense defined by [1.0.

For the moment, this principle is formulated in rather general words but we shall
soon make it clearer in applications. By classical mechanics, let us recall that we
consider phenomena for which the velocity of the light is so huge as it may be
considered as infinite.

1.3.3 Space-time structure and velocity addition

Up to now, the space-time was a set of which the elements —the events— were pa-
rameterized by four coordinates. Considering only uniform straight motions, we
need only affine transformations for the coordinate changes. In other words, the
space-time U may be perceived as an affine space of dimension 4 and the coordi-
nates of an event X changes according to the transformation law for the component
of one of its points. Hence, the structure of the space-time must not be imposed a
priori but is deduced from the physical observations (the uniform straight motion).

Have a look now to our starting point, the uniform straight motion. In the old
coordinate system, it reads:

X'=Xy+U't.

Combining it with the Galilean transformation [[.4] gives:
X=PX,+Ut)+C.
Accounting for [L8] we recover [L3] provided:
Xo=PX,-Ur)+C, (1.10)
U=PU . (1.11)
What do these relations know us?

e Without clock change, the first one reads:

Xo=PX})+C,
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that is nothing else the transformations law for the components of a point of
U. For more general transformations, the additional term in [[.I0 takes into
account the clock change.

e The second relation, [[LTT], is the transformation law for the components of a
vector U of the vector space attached to U. It will be called the 4-velocity.

Let us consider for instance a particle of velocity v’ in the coordinate system X’.
In another one X obtained from X’ by a Galilean transformation [[.9] the 4-velocity
is given by [LIT}

B (DD () e

Thus the velocity in the new coordinate system is:

v=u+Rv . (1.13)

In particular, for a Galilean boost u, one has:
v=u+v".

This is the velocity addition formula. Also, combining two Galilean boosts ug
and uo, we verify the resulting velocity of transport is:

U=1up +uy .

1.3.4 Organizing the calculus

For the convenience, an affine transformation X’ +— X = PX’ + C can be denoted
a = (C, P). Applying successively a; and ay gives a new affine transformation as:

a(X) = ag(al(X)) = ag(Cl + PlX) =Cy+ P(Ch + P X)

hence:
az = aza; = (Co, P)(C1, P1) = (Cy + P.Ch, PaPy) .

This product is associative and has an identity transformation e = (0, 1gs) such as
ea = ae = a. Each affine transformation a = (C, P) has an inverse transformation
a~l = (=P7'C,P7!) such as a'a = aa™! = e. It is straightforward to verify
that the combination of two Galilean transformations as and ap is also a Galilean
transformation a given by:

u=1us+ Rouy, R=RoRi, T=m9+71, k=ko+ Roki+ usmi . (1.14)
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It is easy to verify that the inverse transformation X — X’ = P7'X + (' is a
Galilean transformation represented by [Comment 2]:

/
’r T -1 _ 1 0
¢ = ( K >7 P - < —RTU RT > ) (115)

=7, kK = —RT(k‘ —ur) .

putting:

It is often convenient to organize the matrix calculation by working rather in R,
representing the column X and the affine transformation a = (C, P) respectively

by:
X:<)1(>6]R5 15:<20P>, (1.16)

so the affine transformation [[.4] looks like a simple regular linear transformation:
X = PX', (1.17)
where, accounting for [[L9 the Galilean transformation a is represented by the 5 x 5
matrix decomposed by blocks:
. 1 00
P=1 710 . (1.18)
k u R

In a similar way, accounting for [[LI5] the inverse transformation is represented by:

i 1 0 0
Pl=| 71 0 . (1.19)
K —RTu RT

1.3.5 About the units of measurement

The way is still long to cover the mechanics of continua but let us stop for a moment
to have a look to the conversion of units. Let the event X be represented in a
coordinate system by X where durations and times are measured with new units. Let
say that the time and length units in the old coordinate system are equal respectively
to T and L in the new one. The conversion of units is given by the scaling:

or, in matrix form:
X=PX (1.20)

with:

T 0
P, = ( 0 Ligs > . (1.21)



Similarly, let us apply the scaling:
X' =P,X' (1.22)
Combining the Galilean transformation [[.4] and the scalings and lead to:
X=PX'+C,

with:
P=P,PP/!, C=P,C.

Accounting for [[L9 and [[.221] shows that

o(1). (2

with C being a simple scaling of C"

OR > , (1.23)

S|

T7=Trm, k=Lk,

and:
u=(L/T) u, R=R,

As result of the conversion of units, the rotation is invariant while the boost u is
scaled as a velocity. It is worth to observe that, in a conversion of units, a Galilean
transformation a = (C, P) turns into a Galilean transformation @ = (C, P) [Com-
ment 3]. The conversion does not affect the Galilean feature of an affine transfor-
mation. Of course, calculations can be organized with 5 x 5 matrices:

= s e =~ (10
P=P,PP, where Pu—<0 P, .

1.4 Comments for experts

[Comment 1] This Theorem is related to the Toupinian structure of the space-time
which gives a theoretical framework to the universal or absolute time and space.
[Comment 2| In fact, the set of all the Galilean transformation is a Lie group of
dimension 10 called Galileo’s group.
[Comment 3] Conversely, the normalizer of Galileo’s group in the affine group is
composed of the Galilean transformations themselves and the conversions of units
11.20)
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Chapter 2

Statics

2.1 Introduction

In this chapter, the bodies occupy a volume or are pointwise (particles). The bod-
ies can be subjected to various kinds of forces, for instance gravity, electromagnetic
forces, contact forces. Our aim is to determine at which conditions a body subjected
to several forces remains in uniform straight motion (USM). It the body occupy a
volume, that means all its particles are in USM with the same velocity. Thus the
body is at rest in some particular coordinate systems. Before proposing general con-
ditions, we hope to develop some intuition by discussing simple situations in which
—to make the understanding easier— the body is initially at rest for the observer. Of
course, if the body remains at rest in the observer coordinate system, it is in USM
in any other coordinate system resulting from a Galilean transformation.

Let us consider for instance a body immersed in a fluid. Under the effect of the
gravity only, it moves downwards. In the other hand, according to Archimedes’ prin-
ciple, the buoyancy opposes to it by moving the body upwards. The body remains
at rest when both opposite forces, gravity and buoyancy, are of same magnitude.
Hence the balance of force is a necessary condition of static equilibrium but it is not
sufficient, as shown in the next example.

Let us consider a weighing scale composed of two pans hung to the ends of a beam
pivoting on the fulcrum at any given position. Anyway, the unknown weight on the
left hand pan and the standard weight on the right hand one are equilibrated by the
reaction of the fulcrum but, according to the position, the beam can nevertheless
rotate. This is due to the moment of each force, i.e. its tendancy to rotate the
object. The beam is at rest when the moments of both weights are opposite and of
same magnitude.
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2.2 Force torsor

2.2.1 Two dimensional model

The first step of our modeling is considering two dimensional systems as our weighing
scale (figure [3.1]). Let R; be the fulcrum reaction, positive upwards, g be the
gravity, m, be the unkwown mass, at the distance d,, of the fulcrum, and mg be the
standard mass, at the distance dg of the fulcrum. The vertical force resultant is:

F =Ry — (my+my)g .

The moment about a point is a scalar, its magnitude being the product of the force
and the perpendicular distance between the point and the force axe, and its sign
being positive if the force rotates the body clockwise and negatif if counterclockwise.
The moment resultant about the fulcrum f is:

M = dymyug — dsmsg .

The scale is at rest provided the both forces and moments are balanced:

F=0, M=0. (2.1)

dS du
]
Af

Ry
msg m,g
Y

Figure 2.1: Weighting scale

We have calculated the moment about a particular point, the spulcrum. What
happens if we calculate it about any given point on the beam, at the distance ry of
the spulcrum (positive or negative according to this point being respectively at the
left or the right of f):

M, = (dy, —ro)myg — (ds + ro)msg + rRy?

it is worth observing that:
MT() =M+ Frg .

This is the transport law of the moment. If the scale is at rest, the resultants
F and M vanish, then M,, so is. The balance of moments occurs, whatever the
position of the reference point is. The balance principle can read:

F=0, M,=0. (2.2)
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2.2.2 Three dimensional model

As second step, we generalize these simple ideas for three dimensional situations. Let
a body be subjected to a system of forces represented by 3-columns Fi, Fb,--- , Fiy,
acting upon the body respectively at positions r1,7r9,--- ,75. The force resultant
and the moment resultant about the origin of the coordinate system are:

N N
F:ZFZ’ M:ZT‘ZXE
i=1 1=1

The moment resultant about any other point of position rg, taken as new origin, is:

N
My, = (ri —70) x Fi
i=1
hence:
N N
A%:§:mxﬂ—mx§:E:M—me,
i=1 1=1

and, accounting for the anticommutativity of the cross product, the transport law
of the moment reads:
Mro =M+Fxrg.

In three dimension, the balance principe equally reads 2.1 or 2.2], excepted that the
scalars are replaced by 3-columns. Considering a coordinate systems for which the
weighing balance is in the plan of »! and r? axis, it can be easily verified that the
moment is directed along ? axis and to recover the previous expressions of M and
M,,.

2.2.3 Force torsor and transport law of the moment

The third step of our modeling consists in constructing an object structured into
force and moment components. As time is not concerned by the equilibrium of
bodies, we work temporarily with the 4-column:

(1)

obtained by arising the second component of X, and the 4 x 4 matrix:

. (10
(i h)

obtained by arising the second row and column of Galilean transformation (L.I8]), so
the (special) Euclidean transformation r = R’ + k looks like a simple regular
linear transformation:

X =pPX'. (2.3)
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Definition 2.1 A force torsor [i is an object represented in a coordinate system
by a skew-symmetric 4 X 4 matrix:

= (% Dan ) 24

where F € R3 is its force, M € R? is its moment (or torque), and of which the
components, under the Fuclidean transformation [2.3, are modified according to the
transformation law:

i = Pi'PT . (2.5)

Applying the rules of the matrix calculus, it is worth to notice that if ji’ is skew-
symmetric, /i given by [2] so is. Under an Euclidean transformation (and more
generally under an affine transformation), the skew-symmetry property is preserved,
that ensures the consistency of the definition [Comment 1]. To justify it in a physical
point of view, we show first of all it allows to recover the transport law of the moment.
By inversion of 2.5] one has:

=P up T, (2.6)

To shift the origin at ry in the new coordinate system, let us consider a spatial
translation v = r — rg. The coordinate change is represented by:

.. (1 0
(0 ) o)

Introducing 2.4l and 2.7 into 2.6] the torsor is represented in the new coordinate
system by:

(0 FT
=\ —F Pl —rgFT—j(M) ) -
Accounting for [2.9] and the linearity of the map j, one has:

(0 FT
F=\-F —jM+Fxry) )

Thus, the force is not affected by the translation while the moment is transformed
according to the transport law of the moment :

F'=F  M=M+Fxr. (2.8)

In a similar manner, let us consider now a rotation 7’ = RTr. The calculations are
left to the reader and show that the force and moment rotate as the position:

F'=RTF, M' =R"M .
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The translation and the rotation are particular cases of a general Euclidean
transformation 7’ = RT (r — k). The coordinate change is represented by:

. (1 0
P - < —RTk‘ RT > ’ (2'9)

The matrix calculation leads to the general transformation law:

F'=RTF, M' =R (M +F x k), (2.10)

combining the transport and the rotation. It is easy to find two invariants under
Euclidean transformations:

e the norm of the force: || F' || because of I2.17]
e the dot product of the force and the moment, owing to I2.17] and [2.T8t
F' M =(R"F)TRT(M+ Fxk)=FTRRT(M+Fxk)=F-(M+Fxk),
F'-M=F M+F - (Fxk)=F - M+k-(FxF)=F M.

The linear space M5k of the 4 x 4 skew-symmetric matrices is of dimension 6.

Let T, be the set of force torsors p, in one-to-one correspondance with the skew-
symmetric 4 x 4 matrices 2.4l Thanks to this map, T is a linear space of dimension
6 if we define by structure transport the addition of torsors and the multiplication
of a torsor by a scalar.

2.3 Statics equilibrium

2.3.1 Resultant torsor

In a given coordinate system, let a body B be subjected to a system of forces repre-

sented F, Fy, - - , Fy, acting upon the body respectively at positions 1,79, -+ ,7N.
The torsor of the force F; about the origin of the coordinate system is:
y 0o FFf
;= , , 2.11
i < —F —j(ri x F) > 211)

Definition 2.2 The net or resultant torsor of a body B is the sum of the torsors
of the forces acting upon it:

N
fi(B) = Zﬁi :
i=1

If the resultant is null in a coordinate system, then it is so in any other coordinate
system resulting from a Galilean transformation, because of [Z10.
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2.3.2 Free body diagram and balance equation

Definition 2.3 To identify the forces acting upon a body, it is convenient to draw a
free body diagram , that is a sketch of the body and all efforts (forces or moments)
acting upon it, by performing the three following steps:

e isolate the body,

e identify the forces and in particular, when removing all supports and connec-
tions, identify the corresponding reactions,

e make a sketch of the body, showing all forces acting on it.

To illustrate step 2, let us consider usual kinds of supports:

e removing a simple support, we draw a force perpendicular to the surface on
which the roller could roll,

e removing a frictionless hinge, we draw a force acting at the hinge centre,

e removing a clamped or built-in support, we draw a force acting unknown
position near the support.

To solve a statics problem, we perform the following steps:
e draw a free body diagram,
e choose a convenient coordinate system to calculate the resultant moment,

e apply the balance equation:

i(B) =0 (2.12)

e solve it for the unknowns.

The resultant torsor having 6 scalar components, the number of balance equa-
tions is 6. Let m be the number of scalar unknowns (generally components of the
support reactions). If m = 6, the body is said isostatic. Otherwise, the number of
missing equations to solve the problem is A = m — 6 and is called the redundancy
degree.

As example, let us consider an homogeneous rigid truss PQ, of mass m and
length L, hinged at P on an horizontal soil and supported at @ on a rough vertical
wall, at the distance a of P (figure 2.2]). The friction reaction at @Q is tangential to
the circle of centre O passing through Q. To solve this statics problem, we draw
the free body diagram to identify the forces acting on the truss (figure 2.3]):
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Figure 2.2: Rigid truss hinged on an horizontal soil and supported on a rough vertical
wall
e its weight acting at the mass centre G, middle of the truss:

0
w=/[ o ,
g

e the reaction acting at the hinge P:

e the reaction acting at Q:
Ry,
Rg = | Rjcos?d
R} sin

There are 6 unknowns: Ri, Ry, Rs, R,, R;,9. The problem is isostatic. The
resultant torsor is null if its components so are. The force balance leads to:

Ry =-R), Ry = —Rj cos?, R3 =mg — R;sin? |

that allows to know the components Ry, Ry, R3 of the reaction at P, after the other
unknowns has been determined. As the balance of moments occurs whatever is the
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Figure 2.3: Free body diagram of the rigid truss

position of the reference point, it is wise to choose P, that leads to:

—a R, X —a 0 0
M= | —bsind | x| Rjcos? |+ 5 —bsind | x 0 =10,
bcos R} sin ¢ bcos ¥ —mg 0

thus:
1 1
—bRé—i-imgbsinﬂ:O, bR;L(:osvﬁ‘—i—athsinvﬁ‘—gmgazo7
—aRjcosY + bR] sind =0 .
where b = V% — a?.

2.3.3 External and internal forces

If the body is in USM, all its part so are.

Definition 2.4 We said that a body is in static equilibrium if the resultant torsor
of each of its parts is null.

This leads us to enforce the balance equations to any of its parts, provided we
identify correctly the efforts acting upon it. For that, we make a cut throught the
body to isolate the part. Next, we draw a free body diagram of the considered part
in which —as we identify reactions when removing a support— we identified internal
forces when cutting the body. For instance:
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(i)

e cutting a truss, we draw a (tension or compression) force along the truss,
away from the part,

e cutting a cable, we draw a tension force along the cable, away from the part,

e cutting a frictionless pulley, we draw a tension force along the cable on both
side of the polley.

The other forces are called external forces.

Theorem 2.5 The two following statements are equivalent:

the mutual forces of action and reaction between complementary parts of a body
are equal and opposite as well as their moments.

The map B — fi(B) is an extensive quantity, in the sense that:

f(B1) + fi(Ba) = fi(Byr U Ba) ,

for any disjoint bodies By and Bs.

Proof. Indeed, let A a part of the body B and A’ its complementary part. Let us

split the exterior forces acting upon B into the ones acting on A, of resultant torsor

f5°" and the ones acting on A’, of resultant torsor f#%;". Then, one has:

AU A) = fi(B) = " + st

On the other hand, ﬁﬁ” being the resultant torsor of internal forces acting upon A

and ﬁzl,t being the one of internal forces acting upon A’, it holds:

A) =
F(A') = 5+
From the three previous relations, it results:
fi(A) + p(A) — BAUA) = gt + gy

if (i) holds, the right hand member is null, that proves (ii). Conversely, if (ii) is
true, the left hand member vanishes, that entails (7). B

In the sequel, we always shall suppose implicitly Newton’s third law:

Law 2.6 For any body in static equilibrium, the two equivalent statement are satis-

fied :

the mutual forces of action and reaction between complementary parts of a body are
equal and opposite as well as their moments,
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e the resultant torsor is an extensive quantity.

It is worth to observe that what we have done when we removed supports in the
previous subsection is nothing else making a cut (mere semantic question). Indeed,
let us call foundation the reunion of all the other bodies in the universe (although
in fact only the vicinity of the support is relevant for us and we do not feel really
concerned by what happens far away). Next we make the cut at the supports
between the studied body and the foundation.

2.4 Comments for experts

[Comment 1]The torsor is in fact a skew-symmetric contravariant tensor of rank 2
and the corresponding transformation law for the components is
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Chapter 3

Dynamics of particles

3.1 Dynamical torsor

3.1.1 Transformation law and invariants

Definition 3.1 In this chapter, a particle is some matter which is pointwise (for
instance an elementary particle as an electron) or can be thought of as pointwise
(for instance if it is seen from a long way off).

In this chapter, we hope to model the motion of the particles. The torsor —
introduced for the purpose of the Statics— is nothing else a ’prototype’ of what we
shall go doing throughout this book. Tackling the Dynamics is simply a matter of
recovering an extra dimension, the time that we had provisionally arisen. Imitating
the Statics model, we extend the notion of torsor in a space-time framework (for the
moment, it is a simple game but it will take a strong meaning later on).

Definition 3.2 The dynamical torsor p of a particle is an object represented in
a coordinate system by a skew-symmetric 5 X 5 matriz:

i=( %) (3.1)

where T € R, J € Mj’f“’ and of which the components, under the Galilean trans-
formation [1.17, are modified according to the transformation law:

fi=Pi'PT . (3.2)

The linear space Mg’gew of the 5 x 5 skew-symmetric matrices is of dimension 10. Let
T, be the set of dynamical torsors p, in one-to-one correspondance with the skew-
symmetric 5 x 5 matrices 3.Jl Thanks to this map, Ty is a linear space of dimension
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10 if we define by structure transport the addition of torsors and the multiplication
of a torsor by a scalar.
Taking into account the structure of the space-time, 1" and J are decomposed

by blocks: .
() () e

where m is scalar and p, ¢, € R®. Which is the physical meaning of these compo-
nents? For this aim, we apply the transformation law of the torsor B.2] or, equiva-
lently, its inverse one:

j =P tppT (3.4)

Accounting for [LT9 and B.3], the transformation law 3.4 itemizes in:
m =m, (3.5)
P =R"(p—-mu), (3.6)
¢ =R"(qg— 7' (p—mu)+m'k . (3.7)
'=RT(I+uxq)+k x (R (p—mu)), (3.8)

It is easy to spot expression of p/ in B8 and B.7, then these two last relations
alternatively read:
¢ =RYq+mk —7'p . (3.9)

!'=RT(I+uxq)+k xp, (3.10)

To begin with, we observe the component m is invariant under any Galilean transfor-
mation, then fully characteristic of the particle. That aside, we admit these intricate
expressions of the torsor components are rather puzzling. To see things clearly, we
intend annihilating some of them by suitable Galilean transformations. For our aim,
we discuss only the case that the invariant component m is not null. Starting in any
coordinate system X, we choose the Galilean boost:

== A1
u=L (3.11)

which annihilates p’ and reduces to:
¢ =RTq+mk .
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Next, we pick the spatial translation:
1
k/ = - RTq )
m
which annihilates ¢’. As p’ is null and with the boost B.11], B.10] is reduced to:
/ T T 1 T 1
I'=R" (I+uxq)=R" |l+—pxqg|=R" (l——qgXxp)) . (3.12)
m m
There is nothing more to do because the change clock 7/ occurs only in 3.9 but is
multiplied by zero while the rotation R obviously cannot annihilate I’. To sum up,
what is the result of this massacre? We killed the components p and ¢. It remains

m, which is pleasantly invariant, and [.
Incidently, cast a glance to the 3-column occuring in the last relation:

1
lo=1——qgxp. (3.13)
m

Owing to 3.5 B.10] and and after obvious simplifications, this quantity becomes
in any another coordinate system X':

1 1
l/:l/__/ /:RTZ _ RT /.
0 4 xp (I +uxg)—— (Rq) xp
Accounting for B.6] and [2.19] it holds:
1
lngT<l+uxq—qup+qxu>,

that leads to the transformation law:

I =Rl . (3.14)

A straightforward consequence is that the norm of [y is invariant. We can consider
that a particle is characterized by two invariant quantities, m and || Iy ||.

3.1.2 Boost method

Conversely, let us consider a coordinate system X'’ in which the torsor has a reduced
form (we have just finished proving the existence of such a coordinate system):

0 m 0

T

i = ( _OT 1;} > =1 -m O 0 , (3.15)
0 0 —j(lo)

where there is no trouble to put m instead of m’ because we know this component
is invariant. We claim now the particle is at rest in this coordinate system, for
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convenience at the position ' = 0 at time ¢’ = 0. We call proper coordinate
system of a particle a coordinate system in which this particle is at rest at X’ = 0.
Of course, this proper coordinate system is not unique. Let X’ another proper
coordinate system of the particle. As X’ = 0 must be transformed into X’ = 0, the
changes X’ — X’ of proper coordinate systems are linear transformations.

What does the dynamical torsor tell us about a free particle in USM?

To know it, let us consider another coordinate system X = PX’ + C with a
Galilean boost v (see Definition [[LI2]) and a translation of the origin at k = rg
(hence 7 = 0 and R = 1ps), providing the trajectory equation:

r=ro+vt. (3.16)

of the particle moving in USM at velocity v. We can determine the new compo-
nents of the torsor in X by performing the matrix product applied to B.13] or,
alternatively, using formulae 3.5 to 3.7 providing:

p=muv, q=mry, l=ly+qgxv,
or, taking into account the trajectory equation [3.16]
p=muv, qg=m(r—ut), l=ly+rxmuv. (3.17)

The last relation of B.17]is called the transport law of the angular momentum.
In fact, it is a particular case of the general transformation laws [B.8 and B.10] when
considering only a Galilean boost.

Thanks to our boost method, we obtained the torsor components in a consistent
way revealing their physical meaning:

e We know by experience that the quantity of matter or mass —measured with
a weighing scale— is independent of the choice of a coordinate system in the
sense defined by [[L6, then we naturally identify it to m.

e The quantity p, proportional to the mass and to the velocity is called quantity
of motion or linear momentum.

e The quantity ¢, proportional to the mass and to the initial position, provides
the trajectory equation. It will be called passage because indicating the
particle is passing through rg at time ¢ = 0, although it could be called also
quantity of position.

e The quantity [ splits into two terms. The second one, gxv =rxmuv = rxp,is
called orbital angular momentum to remind of the cross product traducing
a small rotation. The first one, lp = | — ¢ X p / m, is called the spin
angular momentum and its meaning will be discussed further. Their sum,
[, is called the angular momentum, although it could be called also quantity
of rotation.
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The dynamic torsor, that was at the begining a mere intellectual speculation,
have taken now a physical sense, leading us to name its components.

Definition 3.3 The dynamical torsor is structured into two components:
the linear 4-momentum T, itself substructured into:

— the mass m,

— the linear momentum p,
and the angular 4-momentum J, itself substructured into:

— the passage q,
— the angular momentum I.
The invariants of the dynamical torsor are:
— the mass m,
— the spin || ly ||

In matrixz form, the dynamical torsor reads:

p= -m 0 —q* . (3.18)

What can we say about these components along the trajectory? We know by ex-
perience that the mass at rest is time independent. Moreover, the spin angular
momentum [y being a characteristic at rest of the particle, it is natural to suppose
it is also time independent (this intuition will be confirm latter on). In short, i’ is
constant along the trajectory. Using derivative, it reads:

@=0.

It is worth to observe that, according to the transformation law and because
a Galilean transformation is time independent, it is true in any coordinate system,
even if the particle is not at rest in it. On this ground, we claim that:

Law 3.4 For a particle in USM, the 10 components of the dynamical torsor are
constant along the trajectory, then integrals of the motion:

p=0. (3.19)

We could find it also by remarking that, as m, lg, v and r¢, the linear momentum
p = mu, the passage ¢ = mrg are time independent and so is the angular momentum
I =lp+gxwv. Let us observe above all we have a first example of physical law obeying
Galileo’s principle of relativity [L13]
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3.2 Rigid body motions

3.2.1 Rotations

Before going further, we need to acquire skills managing rotations. Let ' = RTr be a
coordinate change associated to a given rotation R. It is a a complex transformations
and, to grasp it better, we break it into three rotations (figure B.):

e a rotation R, of angle ¢ about z’s axis, bringing y’s axis to ¥’s axis, called
line of nodes,

e a rotation Ry of angle ¥ about the line of nodes, bringing the axis of z = Z to
the one of Z,

e a rotation Ry of angle ¢ about Z’s axis.

The angles ¢, 19, are called Euler’s angles and allow to describe any rotation by
composing the three rotations:

(@)
thus:
R=R,RyRy . (3.20)
In details, one has:
cosep —singp 0 cos 0 sind cosy —siny 0
R=| sinp cosp O 0 1 0 siniy cosy 0
0 0 1 —sind 0 cos?d 0 0 1
(3.21)

Now, we would like to study the infinitesimal rotations. Differentiating I2.18] it
holds:
dRRT = —~R(dR)" = —(dRRTT | (3.22)

hence this matrix is skew-symmetric. There exists di) € R? such that:
dRR" = j(dy) ,

then:
dR = j(dy) R . (3.23)

In particular, an infinitesimal rotation around the identity is:
dR = j(dv) . (3.24)
Applying it to a vector v € R3, one has:
dRv=dy xv.
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Figure 3.1: Fuler’s angles

An infinitesimal rotation is represented by a cross product and the axial vector di is
called the infinitesimal rotation vector. Its direction provides the rotation axis
and its norm measures the infinitesimal rotation angle. Alternatively, we can adopt
the language of time derivatives instead of the one of differentials, dividing by dt in

[3.23

R=j(w)R, (3.25)

where the axial vector w(t) = 1 (t) is called Poisson’s vector. Its direction provides
the instantaneous rotation axis and its norm measures the rotation rate.

3.2.2 Rigid motions

We shall go reaching an important conceptual milestone by modeling arbitrary mo-
tions of rigid bodies (and not only USM as previously).

Definition 3.5 A rigid body is such that all material lengths and angles remain
unchanged by its motion. The motion of a rigid body is called a rigid motion.

The transformations preserving the lengths and angles are Fuclidean. Let X and
X' be two coordinate systems in the sense defined by [L6, X being arbitrary given
while the particle is at rest in X’. Thus, at a given time ¢, the position r in X of
any material particle of the particle with position 7’ in the system X’ is given by an

Euclidean transformation:
r=REt)r +ro(t) . (3.26)

In other words, the trajectory of this particle is modeled by the assignment:
tesr=R(t)r +ro(t),
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describing the rigid motion. Hence this brings us to consider changes of coordinate
systems of the space-time X’ + X composed of a rigid motion and a clock change:

r=R{t +71)r" +ro(t' + 1), t=t+71. (3.27)

A Galilean transformation [L.8 is of the previous form with ro(t) = u t + k
and a time independent rotation R but the changes of coordinate systems [3.27] are
not in general Galilean transformations. In the sequel, we suppose that the maps
t — ro(t) and t — R(t) are smooth (continuously differentiable as far as needed by
the calculations).

Now, we would like to discuss what is an infinitesimal rigid motion. Differenti-
ating and accounting for [3.25] one has:

dr = (7o + @ x (Rr))dt’ + Rdr’, dt = dt’ .
Eliminating r’ thanks to [3.26] one has:
dr = (fo + @ x (r —ro))dt' + Rdr’, dt = dt’
that can be recast in matrix form:
dX = PdX', (3.28)

where P is a linear Galilean transformation with the velocity of transport:

u="ro(t) +w@(t) x (r—ro(t)) . (3.29)

If the changes of coordinate systemsB.27 are not in general Galilean transformations,
infinitesimal such changes are linear Galilean transformations. For this reason, we
introduce the following definition [Comment 1].

Definition 3.6 The coordinate systems, in the sense defined by [0, which are de-
duced one from the other by changes[3.27 are called Galilean coordinate systems.

In a practical point of view, the Galilean transformations can be used as approx-
imation of B.27], depending on the considered time and length scales at which we are
working. Let us consider a particle of initial position rg = 0 and initial velocity u,
moving with an uniform acceleration a. It is well known that the trajectory equation
is:

—ut4iaf
r=u 5 .
In the right hand member, the last term is negligeable with respect of the first one
provided:
[ w ]

|t 2 77— .
lal
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During this time, the particle is almost gravitation free and we see, neglecting the
last term, it covers a distance:

I w]?

lal

This leads us to consider a ’space-time window’ arround the initial event X = 0, of
dimensions very small with respect to the previous time and distance thresholds, in
which a particle is almost gravitation free and the changes of Galilean coordinates
can be approximated by Galilean transformations [Comment 2].

[rl=lul [t]<2

3.3 Galilean gravitation

3.3.1 How to model the gravitational forces?

Gravitation is certainly not easy to describe in a consistent way but, as it is impossi-
ble to evade it, we decide to face up to it forthwith. We would like to generalize the
law B.4] of the dynamical torsor in the new context of the coordinate changes B.27],
according to Galileo’s principle of relativity [LI3l Even if the torsor i’ is constant
in some of them, it is not so in other ones, according to the transformation law
where the components of P —the rotation R and the velocity of transport B.29-
depend on time. Thus law [3.4] is only valid for the USM and cannot be generalized
on its own to the Galilean coordinate systems.
Accounting for and 3.1 the transformation law itemizes in:

T=PT1, J=PJP+CcPT)-(PT)CT. (3.30)

In Definition [[L9] we presented the force as a phenomenon modifying the velocity of
a particle. We would like now to give a more precise formulation in the context of
rigid motions. As the linear momentum is the product of the mass by the velocity
and the mass is constant, we claim the time derivative of the linear momentum is
equal to the resultant force:

p=F.

To develop some intuition of the suitable generalization, we consider a particle of
mass m, at rest in some Galilean coordinate system X', hence v’ = 0. For an observer
turning at constant rotation velocity w around some axis perpendicular to the plane
containing both the observer and the particle, this last one moves in a plane along
a circle, then it is deflected from the straight line, revealing the presence of a force.
For the observer rotating at ro = 0 and working with a Galilean coordinate system
X, the velocity of the particle v is given by the velocity addition formula [[.T3] and
the velocity of transport

F=v=u+v =wxr. (3.31)
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Poisson’s vector w being constant, one has:

p=md=mw Xv=mw X (wX7r). (3.32)

For convenience, let the plane be r'r2, then w = wes and, for the observer, the

particle is subjected to a force directed toward the axis :
p=—mwr. (3.33)

This is the centripetal force, responsible for the observed deflection.
In terms of torsor component 7T', what have we done? We derivated the first
relation of 3.30] with respect to time, accounting for 7”7 being constant:

T=PT,

It can be easily checked we recover B.33l This suggest forces can be generated by
infinitesimal variation of Galilean transformations. On this ground, we invent a new
way to derivate, accounting for the infinitesimal variation of P:

e firstly, we calculate the time derivative of T'= PT",
e next, we consider its limit as X’ approaches X.

The result is denoted T to distinguish it from the classical time derivative T. The

first step reads:

%quzPT+PT.

Next, when X’ approaches X, T” approaches T and P approaches the identity:
T=T+PT.
Now, we generalize the law B.4] by claiming that T vanishes:
T=-PT.

The key-idea is to consider the right hand member models the gravitational forces.

3.3.2 Gravitation

Now we hope to provide a more precise formulation of this sketch. Provisionally, we
swap the language of time derivatives for the one of differentials. If in each Galilean
coordinate system some assignment X — P(X) is given, by differentiating it with
respect to X, we obtain a map

dX — dP =T(dX) ,

which is linear because linking infinitesimal quantities. Conversely, if such a map
is given, does there exist a map X — P(X) of which IT" is the differential? In fact,
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there is an hidden trap to avoid. Indeed, let X; and Xy be two distinct events,
represented in a Galilean coordinate system by X; and X;. Considering a path C;
from X; to Xy, one has:

X,'—Xf:/ dX .
Cy

independently of the choice of the path. Ca being another path from X; to Xy, let
us consider the loop C obtained by concatenation of C; and Cy. If the sense of C is
the same as C; and opposite to the one of Cy, one has:

%dX:/dX—/dX:O.
C C1 Co

Considering another Galilean coordinate system X', we have to satisfy:
?é PdX' =0 . (3.34)

C being the image of C’ by the change of coordinate system X' +— X.

Figure 3.2: Mesh of elementary parallelograms

For practical purpose, let us consider a parallelogram Cxs of which the size
approaches zero (figure B.2]). We can think in infinitesimal terms. Considering two
distinct infinitesimal perturbations dX’ and X’ of X', the vertices of the elementary
parallelogram are X', X' +dX’, X' 4+ 6X', X' +dX' 4+ 6X’. Along the edge from X’
to X'+ dX’ of infinitesimal length, the transformation P is constant and equal to its
value at X’. Along the edge from X’ + dX’ to X' + dX’ + §X’, the transformation
is constant and equal to its value P + dP at X’ + dX’. Reasoning in a similar way
for the two other edges, the condition [3.34] reads:

PdX'+ (P +dP)éX' — (P6X'+ (P +6P)dX') =0,
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hence, after simplification:
dP6X' —6PdX' =0 . (3.35)

Conversely, if this last condition is satisfied at any X and for any perturbations dX’
and X', condition 334 is true for any loop C’. Indeed, let us consider a surface
of which the boundary is C' and let us mesh it with elementary parallelograms
(figure B:2). Adding up over all the meshes, the contributions over adjoining edges
annihilate, the edges being run along twice in opposite sense. Omnly remains the
contributions along the boundary C’. The conditions [3.34] and are equivalent
but —from a practical viewpoint— the latter one is useful. Hence we claim that the
map I' must satisfy [Comment 3]:

VdX', 6X', I(dX")éxX —T(X")dX' =0. (3.36)
3.3.3 Galilean gravitation and equation of motion
We define the covariant differential of 7" with respect to I' as:
dT =d(PT)|xi=x = (PdT" +dPT') |xi—x= (PdT' +T(dX)T') |x=x -
When X’ approaches X, T” approaches T and P approaches the identity:

dT = dT +T(dX)T . (3.37)

Theorem 3.7 The maps dX — dP = T'(dX) of which the values are infinitesimal
Galilean transformations and satisfying the condition[3.30 are of the following form:

0 0
r(dx) = < Q) dr —gdt §(Q)dt > : (3.38)

where g € R3 is called the gravity and Q € R3 the spinning.

Proof. Differentiating the expression of P in [[9 and accounting for 3224 an in-
finitesimal Galilean transformations around the identity reads:

P — ( dou j(g ¢)> . (3.39)

where the 3-columns du and di) linearly depend on dr and dt. Thus there exist 3 x 3
matrices A, B and 3-columns 2, g such that:

dip = Adr + Qdt, du = Bdr —gdt . (3.40)

42



Leaving out the primes, the condition [B.36] reads:

0 0 ot \ 0 0 dt
du  j(dv) or )\ du j(ov) dr )’
and is reduced to:
dudt — dudt + j(d) or — j(0y)dr =0 .

Introducing the expressions[3.40linto this last equation, we obtain after simplification
and some simple algebraic manipulations:

(Tr(A)lgs — A)dr x 6r + (B — j()) (r dt — drét) =0 .
The infinitesimal perturbations dX, X being arbitrary, it is satisfied if and only if:
Tr(A)lgs = A, B=j(Q). (3.41)

The former equation is satisfied if and only if the matrix A is null. Introducing [3.40]
into 3.9 and taking into account [3.41%

du = j(Q2) dr — g dt, diyp = Qdt (3.42)
achieves the proof. B

Dividing both members of relation B.37] by dt, accounting for the linearity of
the map I' and the definition of the 4-velocity U, we define the covariant
derivative:

T=T+DU)T . (3.43)

Law 3.8 For any particle only subjected to a Galilean gravitation[3.38, the tra-
jectory is governed by the equation:

T=0.

Accounting for [[L.12] and 338, one has:

T(U) = < Qx(z)x—g j(%) ) , (3.44)

and the law B.8 reads:

() Castiey i) (3)-(5)
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providing;:
m =0, p=m(g—2Q xv). (3.45)

The first equation means the mass is time independent along the trajectory. The
second one gives the time rate of linear momentum in terms of the gravitation.
Introducing the expression of p given by B.I7 into this equation and because the
mass does not depends on time, we have:

mo=m(g—2Q xv), (3.46)

that leads to Souriau’s equation of motion:

mit=m (g —2Q xv), (3.47)

allowing to determine the trajectory of the particle [Comment 4].

3.3.4 Transformation laws of the gravitation and acceleration

Before applying this law, we have still a few essential details to be settled. Indeed,
we must not lose track of Galileo’s principle of relativity [LI3l Guided by it, we
claim this law is the same in all the Galilean coordinate systems. Thus in another
Galilean coordinate system X', we must have:

dT’ =dT" +T'(dX") T .

Introducing the first relation of B30 into [3.37] differentiating the products and taking
into account [3.2§] gives:

dT = d(PT') +T(dX) PT' = P (dT’ + (P"'T'(PdX') P + P~'dP)T’)

that is:
dT = PdT’, (3.48)

provided the following transformation law of the gravitation is satisfied:
I'(dX') = P~HT'(PdX') P + dP) . (3.49)
Dividing both members of by dt = dt’ leads to:
T=PT . (3.50)

As the matrix P is regular, the law [3.8]is valid in any Galilean coordinate system,
then consistent with Galileo’s principle of relativity. Dividing [3:49] by dt provides:

'’y =P YT (U)P + P) .
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Theorem 3.9 In a Galilean coordinate change X' — X, a Galilean gravitation
changes according to the transformation laws:

Q=R —w, (3.51)
g—20xv=a+R(¢ —20Q" x?) . (3.52)

where:
ag=u+wx (v—u), (3.53)

is called the acceleration of transport.

Proof. Indeed, owing to [L9] .12} T.15] and [3.38] one has:

o ) (0 ) (302 480))

Identifying the result of the calculation to the standard form [B.44] in the Galilean
coordinate system X':

rerrhy 0 0
P(U)_<Q/><'U/—g/ j(Q/)>7
accounting for the linearity of j and [I2.20] one has:
§(Q) = j(RT(Q + w)), O xv'—¢d=RTQxv—g+u+Qxu). (3.54)

As the map j is one-to-one, the first relation lead to the transformation law B.5T] for
the spinning Q. By obvious manipulations, the second relation o [3.54] reads:

g—OAxv=u+Qxu+R(g —-Q x?),

We are now interested in the right hand side of the second equation [3.45l Owing to
the following expression, it holds:

g—20xv=u+Qx (u—v)+R(g - x).
According to B35l we have:
g—20xv=t0—-wXx (u—0)+(RY)x (u—v)+R(g - x).
Accounting for [[LT13] and I2.19] we transform the third term of the right hand side:

g-—20xv=u+wx(v—u)—R(Q xv)+R(g - x).
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We obtain the transformation law [3.52] for the right hand side of the second equation
3.45 W

Concerning the previous theorem, we would like to make two comments about
the terminology:

e the reason why 2 is called the spinning is the corresponding transformation
law B.51] taking into account w represents a time rate of rotation.

e a; is called acceleration of transport because, substituting v to r¢g and v to r
in [3.29 it is the analoguous of the velocity of transport.

Before going further, we wish for checking both members of the second equation
3.45] are identically transformed under any change of Galilean coordinate system
X — X'. Accounting for [3.46], we have:

v=g—20x0v.
Time derivating both members of [[L.13] and taking into account B.25] provides:
V=1+j(@w) RV + R =i+ wx (RV)+ RV .

Accounting for [[LT3] we transform the second term, that leads to the transforma-
tion law of the acceleration:

b=a;+ RV (3.55)

which fits [3.52]
Next, we wish for discussing the structure of the acceleration of transport. Time
derivating the expression [3.29] of the velocity of transport and introducing it into

[B.53] provides:
ar=Fo+w X (r—ro)+wx (r—1ry) +wx (v—u), (3.56)
in which we eliminate 79 thanks to :
F—Tog=v—u+wX (r—rog),

that leads to the decomposition of the acceleration of transport into four
terms:

ag =7g+w x (r—rg)+wx (@ x (r—rg)) + 2w x (RV) , (3.57)

also, accounting for I2.14] equal to:

ar =g+ x (r—ro)+ (@w- (r—ro))w— || @ ||> (r —rg) + 2w x (R?') .
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These expressions are general and allow for instance to recover the centripetal force
of subsection B.3.1] by taking v = rqg = 0 and considering w@ is time independent.
Throughout this book, we conform to the standard terminology with a few excep-
tions. It is one of them, the acceleration of transport referring in the literature only
to the three first terms of

It is worth to remark that Theorem gives the transformation law of 2 and
g — 28 x v but not directly of the gravity g. Let us provide a transformation
law depending only on the event (through r and t) and not on the velocity v, i.e.
depending also on the neighbour events on the trajectory. Taking into account [L13],
[B.51] and 2,19, the transformation law becomes:

g—20xv=a;+Rg —2(RY)x (RV')=a;+Rg —2(Q+ @) x (v—u), (3.58)
Let us remark that the acceleration of transport [3.56] is an affine function of v:
ag=a; —wXu+2wX0v, (3.59)

where w, u and:
a::fo—i—z'ﬂx(r—To)—in‘o, (360)

depends on r and ¢ but not on v. Introducing [3.59] into B.5§ leads to:
g=af +wxu+2Qxu+Rg . (3.61)

Eliminating 7o in[3.60lthanks to[3.29and puting the expression of a} into the previous
relation provides the transformation law of the gravity :

g=iot+wx(r—rg)+wx(@x(r—ry))+2Qxu+Rg, (3.62)

where the spining € is given by [B.51l Hence, if ¢’ and €’ depend only on the event
through 7’ and t/, g and € are explicit functions of r and ¢ thanks to B.27] B.51] and
.02

Before going further, let us have a look once again to the exemple of subsection
B3l Let us consider some Galilean coordinate system X’ such that ¢' = Q' = 0.
In absence of other force, a particle initialy at rest remains at rest later on. For
an observer turning at constant rotation velocity and working with the coordinate
system X, one has:

r=R(t)r, rog =0, w=0, (3.63)
and 3311 Hence B.51] and give:
Q=—w, g=-wx (wxr), (3.64)

and the equation [3.46] of motion allows recovering [3.32]
mo=m(g—20xv)=m(—wx(wxr)+2wx (wxr))=mw X (wxr).

In this example, it is worth to remark that the second term envolving €2 is the double
of the gravity ¢ and, in general, it cannot be considered small or negligeable.
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3.4 Newtonian gravitation

Among all the Galilean connections, there exists only one corresponding to our
physical world. In classical mechanics where the velocity of the light is infinite, we
can state Newton’s law of gravitation:

Law 3.10 There exists particular Galilean coordinate systems, called inertial or
Newtonian coordinate systems, for which ones the gravitation resulting from a
particle of mass m’ passing through v’ at t is given by:

kgm/ r—r!

g=— Q=0, (3.65)

I = e =11
where ky is the gravitational constant, equal to 6,674 - 107" Nm2kg=2. We call
it a Newtonian gravitation [Comment 5].

Using the transformation law 35Tl and allows to determine the expression of the
gravitation in any other Galilean coordinate system, where —it is worth to remark
it— the spinning € is not in general null.

We would like to determine the motion of a spinless particle of mass m arround
the mass m/ passing, for convenience, through ' = 0 at every ¢ in some Newtonian
coordinate system, governed by the law [3.8] then the equation of motion [3.47t

. r
mir=mg=—mu T (3.66)

where y1 = k;m/. The particle being spinless and accounting for B.65] the time rate
of the angular momentum given by B.17]is:

. d
lza(rxmv):mvxv—l—rxmg:O, (3.67)

because g is collinear to . We discovered an integral of the motion. The information
is unvaluable. Indeed, we have:

r-l=r-(rxmv)=0,

hence r lies in the plane orthogonal to the constant angular momentum. Picking z’s
axis along [ and working in polar coordinates (g,, z), one has:

o cos ocost) — pdsin ¥
r=| psin?d , v=7r=| gsin?d + e cos ,
0 0

Geost — 200 sin® — el sind — g2 cos ¥
= | &sind + 260 cos ¥ + o cos ) — ¥ sin ¥
0
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Performing the dot product of both members of equation B.66l by e, =7 / || r ||
leads to:

5—o?=-L (3.68)
1Y
Also, the angular momentum:
0
l=mrxv= 0 ,
mo?d
is time independent, thus:
h
19 - —2,
o
where h is a constant. Introducing the previous expression into [3.68] leads to:
h? n
0——=—5. (3.69)
o 0?

With the shrewd choice of the new variable u = 1 / g, we obtain the linear differential
equation:

d*u I

prE P
or, introducing y = u — p/h?:

=0

a2 YT

Multiplying by dy/d¥ leads to:

dy d*y  dy

1d [(dy\* 5\
dﬁ—iw«@) “/)—0'

awar Y

Hence, there exists a constant C' such that:

dy\*
= =C.
<cw> Y
By integration we obtain:

+ 19 = arcsin (%) + 9 ,

9= / W
/02 — 2

and by inversion:
y = Csin(¥ — ) .

We can make ¥y = 7/2 by choice of the line ¥ = 0. Then, coming back to the
variable u, one has:

u:%—CCOSﬁ,
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and the equation of the trajectory reads:

1 p
U= -

. =3 (1+¢€ cos?) . (3.70)

The trajectory is a conic section of eccentricity e, the mass m’ being situated at
a focus of the conic. It is an ellipse, parabola or hyperbola, according as ¢ < 1,
g€ =1, or ¢ > 1. The motion is completely determined and fits the empirical laws
discovered by Kepler (between 1605 and 1618).

It is worth to notice the decisive part played by the angular momentum, one of the
torsor components, in solving the problem. In the concerned problem, the angular
momentum remains an integral of the motion because the Newtonian gravitation
generates a central force. Unfortunately, conversely to what happens in USM,
the torsor components are not yet in general integrals of the motion, excepted by
chance as it occured now for the angular momentum. Nevertheless, other integrals
of the motion than the torsor components can be found:

e The energy. The Newtonian gravitation is such that:

where: u
p=——t (3.72)
[ r—r"]
is called the gravitation potential. Introducing the kinetic energy:
1 2
ezimHvH , (3.73)
we verify the total energy:
er =e+mo, (3.74)

is an integral of the motion because of the equation of motion
er=mr-v—mg-v=20.
e Laplace-Runge-Lenz vector. It is defined as:
wp =vXIl+maor.
Because of the angular momentum conservation B.67] one has:
W =0X1l+mor+mouv .
For a spinless particle, the expressions B.17 of the momenta and give:
Wy, =g X (rxmv)+maeor+op .
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using the vector triple product [[2.14] we obtain:
W= (g-v+¢)mr+(p—g-r)p.

Owing to B.71] and verifying from and that the second parenthesis
is null, we prove the Laplace-Runge-Lenz vector is an integral of the motion.
In general, the integrals of the motion are powerful tools to determine the
trajectory. For instance in Kepler’s problem, using both the integrals of the
motion [ and wy, allows to show geometrically the trajectory is a conic section
without integrating the differential equation Indeed, we know from the
conservation of the angular momentum that the trajectory lies in the plane
orthogonal to [. Next, let us observe that:

wp = (rxv)-l+mog*,
hence, one has:
w0 cosd =~ || 1> ~mpo
(mp+ || wg || cos®) o =mh* .
which leads to the equation of a conic section with the eccentricity:

[ we ||
mu

3.5 Other forces

3.5.1 General equation of motion

The gravitation forces are odd, reason for which we have set aside a particular
presentation for them. The other ones are very miscellaneous. We already know the
reaction forces at a simple support and the internal forces identified when drawing
a free body diagram, but there are many other ones, for instance of electromagnetic
or chemical origin. As far as we are concerned here, we only define the minimal
properties expected from these forces. Introducing a 4-column:

H:(g> , (3.75)

where the component F' € R3 represents the resultant of the other forces, we
can generalize the law [3.8] as follows:

Law 3.11 For any particle subjected to a Galilean gravitation and other forces, the
trajectory is governed by the equation:

T=H.



To be consistent with Galileo’s principle of relativity [LI3] accounting for B350, H
must be transformed under a change of Galilean coordinate systems X’ — X ac-
cording to the transformation law of a 4-vector:

H=PH', (3.76)

which, owing to [[L9] leaves the first component null while we recover the transforma-
tion law 210l of the force component F'. In details, the equationsB.45] are generalized
in presence of other forces:

m =0, p=m(g—2Qxv)+F, (3.77)

or in short:
p=Ir+F,

where the gravitation force:
Fr=m(g—-2Qxv)=F, —Fc,
is decomposed as the difference of:
e the gravity force Fj, = mg,

e and the Coriolis force I =2mQ x v.

A= Nevertheless, we should be careful about these notations because the nature
and the transformation laws of Fr and F' are completely different.

3.5.2 Foucault’s pendulum

We would like to determine the motion of a pendulum at the latitude A in northern
hemisphere (figure B3]). The bob, suspended from a point P by a light thread of
length [, can be considered as a particle of mass m. To identify the forces, we draw
a free body diagram of the bob. Cutting the thread, we consider the tension force F’
of intensity S along the thread, away from the bob. At this scale, it is reasonnable
to consider a constant gravity g, directed toward the earth’s centre. Let us pick a
Galilean coordinate system with Oz directed vertically upward (as determined by a
plumb line) passing through the suspension P at z = [, and Oz pointing south. In
the absence of more accurate information, the spinning €2 is assumed uniform with
intensity 2g and directed along earth’s axis:

—Ccos A
Q=0Qg 0 . (3.78)

sin A
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Figure 3.3: Foucault’s pendulum

The equation [3.77] reads:

Z 0 —cos A x g —x
ml ) =mial{ o Jomea( o ) xfa )3 v ).
Z -1 sin A z l—z
leading to:
mi = 2mQgysin A — ?:L’ , (3.79)
. . . S
my = —2mSQg (Tsin A + Zcos \) — 7Y (3.80)
. . S
mzZ=—m || g | +2mQgycos A + 7(1 —2), (3.81)

The bob moves on the sphere of centre P, radius [ and equation:
2y (-2 -1?=0

For small disturbances x,y and z, neglecting z with respect to I:

_1 2 2
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showing that if x,y are small of the first order, z is small of the second order.
Neglecting the terms containing z and %, equation B.81] degenerates into:

S=m| gl —2mQgycos\ .

Introducing this expression into former equations .79, [3.80] and neglecting terms
containing small quantities of second order, yx, yy and Z, we obtain:

& —2Qgysin A\ + w?z =0,
i — 2Qadsin A +w?y =0,
where w = \/W . Introducing { = = + iy, the pair of equation reads:
C+2iQaCsin A+ w? =0,
and, neglecting Q% with respect to w?, the general solution is:
¢ = (Aet § Bemiwt) emitsind

The first factor on the right represents an elliptic motion. The effect of the sec-
ond factor is to make this ellipse rotate with angular velocity —{g sin A, which is
clockwize in the northern hemisphere and counterclockwize in the southern one.

The first observation of this slow shift of the ellipse was made by the physicist
Léon Foucault in 1851. The usual interpretation of this experiment is that it allows
to observe ”in laboratory” earth’s rotation about its axis and to measure the corre-
sponding circular frequency wg [Comment 6]. Indeed, let X’ be a coordinate system
with the space origin at earth’s centre O and Oz’ chosen as earth’s rotation axis.
Assuming this coordinate system X’ is Newtonian, one has: ' = 0. Swaping X' for
X and using the spinning transformation law [B.51], one has:

Q=R"w, (3.82)

The rotation being described by Euler’s angles ¢ = wgt, ¥ = 7/2 — XA and ¢ = 0,
formula [3.21] provides:

sin Acos(wgt) —sin(wgt) cosAcos(wgt)
R = | sinAsin(wgt) cos(wgt) cosAsin(wgt) ,
—Cos A 0 sin A

which entails:
. 0 -1 0
RRT =wg |1 0 0
0 0 O
Using 325 ~which reads also RRT = j (w)— and [[2.8, we deduce Poisson’s vector:



that allows recovering the spinning [3.78] of the ”laboratory” by [B.82], provided the
spinning frequency (g is equal to earth’s rotation wg.

The experience was realized at the Pantheon in Paris thanks to a 67 m pendulum.
With an oscillation amplitude of 3m, the thread deviates of 2°33’ from the plumb
line and the bob rises up z = 6,7 cm, that is 1073 of the thread length [, justifying
the above approximation of small perturbations. The proper circular frequency of
the pendulum is w = 1/9,81/67 = 0,382 rd/s and its period is T, = 27 /w = 16,4 s.
The circular frequency of the ellipse rotation at Paris latitude A = 48°5124" is
Qe sin A = 5,49 - 107° rad/s and the period is 31h46’50”. The rotation velocity of
the ellipse is 11,32°. Thus earth’s rotation was observable but the accuracy was not
better than a few percent. The difference between the sideral day of 23h 56’04” and
the normal 24h day is so small (namely 0,27%) that the distinction was (and is still
now) beyond observation.

3.5.3 Thrust

So far we have assumed the mass was constant but this hypothesis is not very
necessary and we can model within the present framework objects with variable
mass. When a body such a rocket expels mass in a direction, this mass will cause
a force of equal magnitude but opposite direction called a thrust. Let w be the
velocity of the exhaust gases with respect to a Galilean coordinate system X' in
which the rocket of mass m is at rest. The thrust is modeled by a the 4-column:

E:m<1>. (3.83)

w

In a coordinate system X obtained from X’ by a boost v, the rocket has a velocity
v and the thrust is given by its transformation law [3.70]

H:<1 0>m<1>:m< ! ). (3.84)
v lps w v+ w
Accounting for 3.44] the law [3.11] reads:

m =, p=m(g—22xv)+m(v+w).

The former equality is satisfied for any value of the mass change rate 1. Accounting
for p = mu, the latter one provides the equation of motion:

mo=m(g—2Q xv)+mw,

that must be completed by a phenomenological law governing the mass change rate,
depending on the kind of thrust.
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3.6 Comments for experts

Comment 1] Conversely, the changes of coordinate systems of the space-time X’ —
Y, g Y p

X such that
0X

ox’
is a linear Galilean transformation, are the rigid motions B.27, as it will be proved
further using Frobenius method. The compatibility conditions of the system are
R = R(t) and

[Comment 2] This ’space-time windows’ can be seen as an intuitive interpretation
of the tangent space to the space-time manifold.

[Comment 3] The gravitation I' is in fact a symmetric connexion on the space-
time manifold.

[Comment 4] This equation of motion was introduced in this form by Souriau
(Formula (12.47) together with (12.44), page 133, [31], English translation [33]) from
symplectic mechanics arguments.

[Comment 5] A reason to put 2 = 0 is that in Schwarzschild’s solution of Ein-
stein’s equations of the General Relativity, the Christoffel’s symbols corresponding
to €2 vanish (even if the velocity of the light is finite).

[Comment 6] It is only an hypothesis. Rather than measuring Earth’s rotation
frequency, Foucault’s pendulum experiment allows directly measuring the 2 com-
ponent of the Newtonian gravitation, as in the same way observing the free falling
particles allows to measure the g component.

P =
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Chapter 4

Statics of arches, cables and
beams

4.1 Statics of arches

4.1.1 Modelling of slender bodies

The aim of this chapter is to study the static equilibrium of slender 3D bodies
generally speaking called arches, idealized by 1D material bodies from a geometrical
and mechanical points of view. First of all, we model the geometry of a slender body
by performing the following steps (figure [A.1):

e define a mean line given by the piecewise smooth map s — Q(s) where s is
the arclength with respect to a given reference point of the line (there is an
arbitrary in this choice which is part of the modelling),

e to each point @ of the mean line, assign a cross-section Sy locally orthogonal
to the mean line.

r(s) being the position in a Galilean coordinate system of a regular point of the
mean line Q(s), one can defined the tangent unit vector U(s) represented in the
basis of the considered coordinate system by the column:

U(s) = %(s)

An arch is slender in the sense that the dimensions of the cross-sections are small
with respect to the one of the line. If it is seen from a long way off, it can be
considered in first approximation as geometrically reduced to its mean line. In this
spirit, we hope to model the internal and external efforts by an idealized sketch.
We cut through the arch along the cross-section Sg and we draw the free body
diagram of the upstream part B of the arch when running along the mean line with
increasing s (figure [.2)). Let us consider the resultant torsor of the internal forces
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Figure 4.2: Free body diagram of the part B of the arch

acting through the cross-section Sg upon the part B:

Iaint_ < 0 FT )
—F —j(M) )’
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of which the force F' and the moment M with respect to @ taken as origin are
represented on the figure respectively by a vector and a double vector, according to
an usual convention in mechanics. Owing to Newton’s third law 2.6l the resultant
torsor of the internal forces acting through the cross-section upon the downstream
part is equal and opposite to ji"™ as represented on the figure. The force F is
decomposed into:

e the normal force N = F-U, positive in tension and negative in compression,
e and the shear force T'= F — (F - U)U, tangent to the cross-section,
while the moment M is decomposed into:

e the torque M; = M -U, responsable of the torsion of the arch around its mean
line,

e and the bending moment My = M — (M - U)U, which tends to modify the
curvature of the mean line and to rotate the cross-section.

In the same spirit, we consider the external efforts can be modelized by a piece-
wise smooth distribution of exterior forces and moments of which the torsor by

length unit is:
@ext - < 0 fT )
s T\ —f “jm) )
~int

Thus the modelling defines piecewise smooth assignements s — """ (s) and s —
ext

& ().
4.1.2 Local equilibrium equations of arches

To know if an arch is in equilibrium, we should verify that the resultant torsor of
each of its parts is null, that is a difficult task because the number of its parts
is infinite. To avoid the pitfall, we would like to establish local equations easy to
test. The key idea of the classical modelling is to consider an arch slice dB of
infinitesimal length ds, leading to differential equations. Let @ be the point on the
mean line corresponding to the downstream extremity cross-section and Q' the point
corresponding to the upstream extremity one that will be taken as reference origin
when adding the moments.
To write the equilibrium equation of the slide, we perform the following steps:

e we draw the free body diagram of the slide (figure [£.3))

* with the external efforts —F and —M acting upon the slice through the
downstream extremity cross-section (according to Newton’s third law

m)?
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F+dF

-F fds

Figure 4.3: Free body diagram of the slide dBB

* the external efforts F'+dF and M +dM acting upon the slice through the
upstream extremity cross-section (taking into account their infinitesimal
variation when running from Q to Q')

* and the resultants f ds and m ds of the external efforts distributed on a
length ds with respect to the slide barycenter.

e We construct the resultant torsor of the slide. According to Subsection 2.3.1],
the torsors of the forces must be given with respect to same point taken as
origin, let say Q’, before to calculate their sum. The position of Q with respect
to itself taken as origin being r = 0, its position with respect to the reference
origin Q' is v’ = —dr. According to the transformation law of the torsor 2.10]
for the infinitesimal spatial translation dk = r — v’ = dr, the torsor of the
external efforts —F and —M acting upon the slice through the downstream
extremity cross-section with respect to the new position Q’ is:

F' = —F, M =-M+ (—F)xdr=—-M+dr x F,
e The balance equation (2.12]) of the slide reads:
F'+(F+dF)+ fds=dF + fds=0,
M + (M +dM)+mds =dr x F+dM +mds =0 .

Dividing by ds leads to the local equilibrium equations of arches:

Crr=0 (1.1)
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M
dd—s—l—UxF—kmzo (4.2)

It is worth to notice that the transport of the moment of the external forces from
the barycenter to 7’ is not necessary because it generates in the moment equilibrium
equation an additional infinitesimal term of the second order which can be neglected.

In the spirit of Chapter B, we hope now to find again these equations by intro-
ducing the covariant differential of the torsor of internal efforts defined as:

dji = d(P i/ PT)|yi—p = (P di' PT 4 dP i’ PT + P [i'dPT) |,=, .
When r’ approaches r, ji’ approaches fi and p approaches the identity:
dji = dji+dP i + i dPT (4.3)

Considering as previously an infinitesimal translation dk = dr,

- 1 0 0 0
oo} 5)=(58).

and owing to[12.9] the covariant differential of the torsor of the internal efforts reads:

int _ (0 dF”
dp _<—dF —jdm) ) (44

with:
dF = dF, dM =dM +dr x F .

It is easy to verify that the local equilibrium equations [4.1] and can be recast in
the following compact form:

dii int dii ext
di™  dji
ds ds

It is now possible to determine the distribution of internal efforts with respect to the

external ones and the reactions at the ends of any part AB of the arch. Integrating
41l and owing to F'(s4) = —Ra4, gives the internal force distribution:

~0. (4.5)

Fs) = — / " (s ds' — Ra . (4.6)

According to the previous result and owing to M (s4) = —M 4, the integration of
provides the distribution of the internal moment with respect to A taken as origin:

M(s) = — / ’ <m(s’) L U(S) x / % ds"> ds' — ((r(s) — (54)) X Ra+ Ma) .
@7
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Taking into account the conditions F(sp) = Rp and M(sp) = Mp, the global
equilibrium of the part AB reads:

sB
/ f(s)ds' + Ra+Rp=0.
sA

/S:B <m(s/) +U(s") x /S:B £(s") ds”) ds'+ (r(sg) —r(sa)) x Ra+Ms+Mp=0.

4.1.3 Corotational equilibrium equations of arches

In the previous section, we considered a moving coordinate system by translation
of the origin along the mean line without rotation. We may also change the point
of view by considering both translation and rotation. In other words, we assign to
each point @ of the mean line a coordinate system r of which the origin is @, the
corresponding coordinate system 7’ assigned to the upstream neighbour point Q' on
the mean line being obtained from r by an infinitesimal Euclidean transformation
dP. According to B:24] we have:

dp:d(flc (1)%>:<2r 2(d¢>>‘

Calculating the covariant differential of the torsor of the internal efforts by d.3] gives:

gt — ( 0 (dF + j(dy)F)T >
a —(dF + j(d)F) —j(dM) +dr FT — FdrT — j(dy)j(M) + j(M)j(dy) )~

Introducing the column:
dip
Q=—
ds ’
Taking into account 2.9 [2.T2] the linearity of 7, 4.4l and [£5] the corotational
equilibrium equations of arches reads:

(4.8)

dF
— +OXF+f=0 (4.9)
ds
M
—dd +OAXxM+UXF+m=0 (4.10)
s

It is worth to notice these equations are true for any choice of Galilean coordinate
system r moving along the curve and the associate moving orthonormal basis S. The
assignement s — S(s) is called a moving frame.
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4.1.4 Equilibrium equations of arches in Fresnet’s moving frame

Now, we specialize the corotational equilibrium equations to a particular moving
frame due to Fresnet. We construct the moving orthonormal basis by adjoining to
U two vectors, V and W, respectively represented in the reference basis by the
columns V and W . Differentiating || U ||?= U - U = 1 leads to:

au

Sk

The normed vector V' in the direction of dU / ds, called the normal, is orthogonal
to U. The curvature k of the mean line is defined by:

au

- =

0.

KV . (4.11)

Next, we define the binormal:
W=UxV, (4.12)

orthogonal to U and V. As V and U are orthogonal, owing to [12.16, W is a unit
vector. The orthonormal basis (ﬁ, V, V_V) is called Fresnet’s basis. Differentiating
| W ||>= 1 shows that dW /ds is orthogonal to W. On the other hand, differenti-
ating and taking into account LT show that dWW /ds is also orthogonal to U.
The torsion 6 of the mean line is define by:

dw

— =0V 4.13

I (4.13)
As the basis (U, V, W) is orthonormal, its variation when running along the mean

line of a length ds is an infinitesimal rotation. Owing to .11] and [£.13] it reads:

0 —x O
(dU,dV,dW) = (U, V,W) | « 0 @ | ds.
0 -6 0
Then, [4.§] is:
—0
a=1| o |. (4.14)
K

In Fresnet’s basis, the force acting onto the cross-section is represented by the
columns:

N
F= T, )
Ty
where N is the normal force and T},, T}, are respectively the shear forces with respect
to the normal and the binormal, while the moment is represented by:

M,
M = M, )
M,
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where M; is the torque and M,,, M, are respectively the bending moments with
respect to the normal and the binormal. Taking into account [£.14] the corotational
equilibrium equations and [4.10 in Fresnet’s moving frame read:

dN a1, a1y,

E‘l‘/ﬁTn—l-ft:O,E—H,N—HT(,-I-]C”:O,E+9Tn+fb:0, (4.15)

dM, dM,, dM,
e KMy my =0, —" — KMy — OMy—Ty+mp =0, ——2 4+ OMy+ Ty +mp =0 .

ds ds ds
(4.16)

)
%
M, Ty
X ,“M;\\‘A X

Y

Figure 4.4: Helical coil spring

As application, let us consider a helical coil spring (Figure 4.4]). The mean
line is an helix of radius a and pitch 27wh, parameterized in a reference coordinate
system Ox'y'z’ by:

acos?
r'(s) = | asin¥

hv
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where ¥ = s/b with b = v/a? + h2. Tts curvature and torsion are:

a H:h

K:b_27 _b_27

and the representation of Fresnet’s basis in the reference basis is given by the rota-
tion:

—3sind  —cosv %sinﬁ
R=(UV,W)= Scos —sing —%cos? | . (4.17)
h a
h 0 a

b b

The spring is compressed through horizontal arms OA and BC' by two opposite
vertical forces Rp and R¢ of same intensity Py acting respectively at the extremities
O and C'. Cutting through the arch allong the cross-section Sg, we draw the free
body diagram of the downstream part O AQ of the body (Figure €5]). The global
force equilibrium equation of this part gives in the reference basis the internal
force F' acting through the cross-section Sg:

0
F=-Ro=—| 0
B

The shear force T, is obviously null because the external force applied at O is
vertical and the normal V is horizontal. It is not represented on the figure. Using
the rotation matrix E.I7, we obtain the internal force F' = RTF in Fresnet’s basis:

N P h
F=[|1T, | = —?0 0] . (4.18)
Tb a

The global moment equilibrium equation A7 of O AQ gives in the reference basis
the internal moment M acting through the cross-section Sg with respect to point
Q:
sin 9
M=rxRo=aPy| —cost ,
0

from which we deduce the internal moment M = RT M in Fresnet’s basis:

Mt —a

_ R

M= M, :“TO 0o | . (4.19)
M, h

It can be easily verified that the internal efforts [£.18 and [£.19]satisfy the corotational
equilibrium equations [4.15] and [4.16]
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4.2 Statics of cables

Definition 4.1 A cable is an arch so thin that it cannot resist moments:

M=m=0.

Cable is a generic word for bodies such as threads and strings which exhibit such
a behaviour. The moment equilibrium equation reads:

UxF=0,

from which it results the internal force F' is proportional to the unit tangent vector
U:
F=NU.

A cable is in equilibrium only in tension (N > 0). Its value and the shape of the
cable are determined by solving the remaining equilibrium equation .1}

%(N U)+f=0, . (4.20)

It is worth to remark that, if there is no distributed external force f on a part of a
cable, N U is constant. Hence this part is straight and the tension N is constant, in
agreement with the experience according to which a taut cable is straight.

e
B

)

f

Figure 4.5: Suspension bridge

As example, let us consider a cable AB in the Ozy plane (figure [L.5]). The hori-
zontal distance between the extremities A and B is L and their heights with respect
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to the Ox axis are respectively hs and hpg. The lack of moment at the extremities
is symbolized by hinges. Under a vertical load f of intensity ¢ by length unit and
opposite direction to Oy, the cable is supposed to be tangent to the horizontal axis
at the origin. ¢ being the angle of U with respect to the horizontal axis, the force
equilibrium reads:

%(N cosp) =0, (4.21)
d .
E(N sinp) =q . (4.22)

As application, let us consider a suspension cable of a suspension bridge. Intro-
ducing p such that:

p(z)de =q(s)ds ,
the last equation reads:

d .
%(N sinp)=p. (4.23)

integrating equations d.2T] and .23 gives:
x
N cos ¢ = Cy, Nsingoz/ p(a')dx’ + C1
0

where Cy and C7 are constant. Elimilation N between these equations leads to:

dy 1

A - v / /
Ty tan ¢ Co (/0 p(z')dz" + Cy)

and by a new integration, to the shape of the cable:

va) = ([ e [ pa)da' + )+ o
0 Jo 0

where C is constant. The proper weight of the cable being negligeable, it is sub-
jected only to the weight of the deck hung on vertical suspenders. This load can be
modeled by vertical forces of uniform intensity p by unit of horizontal length, that
gives, taking into account the conditions y(0) = 0 and %(0) =0:

b
y(z) = 2—00332 .

The three unknowns, the distances a and b of A and B to the origin O and Cj are
determined by the additional conditions:

Y2 P 2
atb=1L,  ha=gza’,  hp=ge0
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4.3 Statics of trusses and beams

4.3.1 Traction of trusses

Definition 4.2 A truss is a straight arch azxially loaded and ended by hinges.

They are not subjected to moments, then the internal force F' is proportional to the
unit tangent vector U, as for the cables. However, unlike the last ones that are in
static equilibrium only in tension, the trusses exhibit an internal force F' in tension
or compression. It is determined by the equilibrium equation As application,
let us consider a drilling riser hung to an offshore platform and loaded by its own
weight of intensity p (Figure [4.6]). The truss is fixed to the platform with a hinge
while the other extremity is effort free.

o J

uj ]|

X
Figure 4.6: Drilling riser hung to an offshore platform

Assuming the truss is deformed along its axis, the tangent unit vector is vertical.
The force equilibrium equation 420 is reduced to:

— =0.
ds Tt

Integrating it with null value at the free extremity = = L gives:
N(s)=p(L—3s). (4.24)

To determine the displacement of the points of the mean line, we need some addi-
tional assumptions concerning the behaviour of the material constituting the body.
If the deformation is small, many materials such as metals are elastic. They obey
Hooke’s law (1678):

Law 4.3 The effort is proportional to the corresponding deformation ("ut tensio,
sic vis”).
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Under a normal force N, the material undergoes a deformation measured by the

extension:

ds — dx ds
— == _1. 4.25
dx dx ( )

€z

The elasticity law reads:
N =Kie, (4.26)

where the stiffness K; a priori depends on the material properties and the cross-
section geometry. For small extensions as in elasticity, the displacements are so
small that we can approximate the normal force .24] by:

N(s() = p(L — z) -
Combining with and leads to the equation:

ds P
—=14+—=—(L—2x).

of which, owing to the condition s(0) = 0, the solution is for an uniform stiffness
Kti
p a?
= — Lz ——=) .
s(x) =z + X, ( T = >
The displacement at the free extremity of the truss is:

_pL?

u:s(L)—L—ZKt.

Figure 4.7: Cantilever beam

4.3.2 Bending of beams

Definition 4.4 A beam is a straight arch transversally loaded.
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As application, we consider a Cantilever beam subjected to a linearly distributed
load, built-in at the left hand end, effort free at the other one (Figure 7). Intu-
itively, the transversal load induces a vertical deflexion y(x) in the direction of the
load. For easiness, we use simplified notations for derivatives:

dz’ dz?’

The arclength element is:

ds = +/dz? + dy? = dx\/1+ (v')?

Fresnet’s basis is represented in the reference frame by the rotation matrix:

__ v

1
VI+@')? V1+()?
Yy’ 1

VI VIH)?
0 0 1

R=(UV,W)= (4.27)

The torsion is null and the curvature is:

!

using the rotation matrix .27l we obtain the internal force F/ = RF and internal
moment M’ = RM in the reference frame:

1 1
T, = ———=(N —y'Ty), T, = ——UN+1T,), T, =1,
V14 (y)? ( ) R (y/)z( )
1 ) 1 ,
My = ——=(M; —y'My,), My =————=(y'M;+M,), M,=M,.

V1t (y)? VI )2
For elastic beams, the deflexions are so small that we can assume the sloop 3/ is
negligeable with respect to the unity, leading to the following approximations:

ds§da;, Hgy”, Tnga Tynga ngMta Mngn .

Hence, the force equilibrium equation [£.1]in the reference frame gives:

dN T, T
==, d__|_p:07 ﬂ_
dx

=0. 4.2
dx dx 0 (4.28)

Integrating with null values at the free extremity « = L, we conclude that N and T
are identically null. The force equilibrium equation in the reference frame gives:
dM; dM, dMp
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Integrating with null values at the free extremity x = 0, we conclude that M; and
M, are identically null. Intuitively, under a bending moment Mj, the straight beam
is curved. Applying Hooke’s law [4.3], we assume that:

M, =Ky , (4.30)

where the stiffness K} a priori depends on the material properties and the cross-
section geometry. According with the above approximation on the curvature, com-
bining this relation with the last condition in d.29] the shear force is for an uniform
stiffness Kj:

Tn = _Kby/// )

and the second condition in [4.28 gives the elastica equation:

m _ P
y - Kb .
Integrating it with the conditions y"(0) = —T,,(0)/K, = 0, y"(0) = M(0)/Kp =0
at the free extremity and y(L) = 3/(L) = 0 at the built-in support, we obtain the
shape of the deformed beam:

bo

5 4
SR e N
120KbL(x 5Lz +4)

y(z)
The deflexion at the free extremity x = 0 is:

_ polL*

F= 30K,

4.4 Exercises

4.4.1 Funicular

Show the shape of a cable in equilibrium under its proper weight, vertically oriented
and with uniform force intensity ¢ by unit length is a funicular (or catenary):

y(x) = % (cosh g_a: - 1> .

q 0

Hint. Integrating [£.21] and .22] next using ds = \/dx? + dy?, show that:

S//

s d
x(s) = .
/0 \/1+ (CLO (foan(s’) ds’—i—Cl))
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Chapter 5

Dynamics of rigid bodies

5.1 Kinetic co-torsor

5.1.1 Lagrangean coordinates

A rigid body is such that all material lengths and angles remain unchanged by its

motion. The Galilean coordinate systems are natural tools to model the rigid body

motions, especially those X’ in which every point of the body of position s’ at any

time t' is at rest:

, ds
Tdr

We say the s are the Lagrangean coordinates or the material coordinates of
the point. Of course, this Lagrangean or material representation is not unique. For a
given body, the change of Lagrangean coordinate systems are the time independent
Euclidean transformation. Although it is more or less obvious, let us give a proof.
If s is the position of the points at the time ¢ in another system X' of Lagrangean
coordinates, it is related to X’ by a change [3.27 composed of a rigid motion and a
change clock:

v =0. (5.1)

s = Q)5 + so(t), t=t'+71.

Owing to the velocity addition formula[L.T3] the corresponding velocity of transport
must vanish:
u=2v —-Qv =0.

Taking into account B.29] it holds for any s and t:
v=mu=3(t) +j(w@(t))(s’ —s0(t)) =0,

where Q = j(w)Q. This affine map of s’ is identically null if 50(t) — j(w(t))so(t)
and j(w(t)) vanish, then w(t) and $o(¢) so are. Taking into account 325, @ and sg
are time independent, that achieves the proof:

s =Q5 +s0 . (5.2)
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5.1.2 Eulerian coordinates

In an arbitrary Galilean coordinate system X, the particle of Lagrangean coordinates
s’ has at time ¢:

e the position of which the components r? are called Eulerian coordinates or
spatial coordinates:
r=R(t)s' +ro(t) , (5.3)

e and, owing to [LI3 and 5.1] the velocity
v=u="70(t) +w(t) x (r—ro(t)) . (5.4)

where w is Poisson’s vector defined by [3.25]

R=j(@)R. (5.5)

Definition 5.1 A vector field is a distribution af vector in a given region. Vector
fields can be graphically represented drawing for each point Q of coordinates r the
corresponding bound vector as an arrow of origin Q.

For instance, we could display the velocity field v of a rigid body at each time ¢t but
this Eulerian representation is blurred by the motion of the body itself. To avert
this drawback, it is convenient to pull back the velocity onto the body at rest by
drawing for each point Q' of Lagrangean coordinates s’ the bound vector RTv. The
velocity field [5.4lis determined by the velocity 7 of the origin 7y and Poisson’s vector
w pulled back as:

i =RTry, o =RTw. (5.6)

5.1.3 Co-torsor
Let us consider now any other Lagrangean coordinate system 5" such that:
r=R(t)s' +7o(t) ,

The reader can easily deduce from [5.3] and the previous relation that s’ and § are
related by .2 with: )
Q=R'R, (5.7)

So = RT(fO — 7"0) . (58)

Firstly, let us observe that Poisson’s vector is independent of the choice of the
Lagrangean coordinate system because @ is time independent:

j(@) = RRT = (RQ) (RQ)" = RRT = j(w)

hence @ = w because the map j is regular. By pull back onto the new Lagrangean
coordinate system, one has:

=R, @ =R'w. (5.9)
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From the previous relation, and B.7, we deduce easily:
& =QTx . (5.10)
Next, taking into account that sg is time independent, B.8] leads to:
Fo = Rso+ 7o -
Combining with gives:
7y = RT (R so +70) ,

and because of [5.7] and

7= QT (7, + RTRsp) ,
but one has, owing to and

RTR=R"RR"R=R"j(w)R=j(R"w),

hence, taking into account [5.6] we obtain:

iy = QT () + ' x s0) . (5.11)

As in Statics, we work temporarily with the 4-column:

and the 4 x 4 matrix:

ﬁ:(io 22) : (5.12)

so the Euclidean transformation looks like a simple regular linear transformation:

>§'I(

X =PX . (5.13)

Definition 5.2 A co-torsor % is an object represented in a coordinate system by
a skew-symmetric 4 x 4 matriz:

=% D ) 10

where v € R3 is its velocity, w € R? is its spin, and of which the components, under
the BEuclidean transformation[52.13, are modified according to the transformation law:

y=P T5p1 . (5.15)
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Applying the rules of the matrix calculus, it is worth to notice that if ¥ is skew-
symmetric, 7 given by so is. Under an Euclidean transformation (and more
generally under an affine transformation), the skew-symmetry property is preserved,
that ensures the consistency of the definition. By inversion of [5.15] one has:

¥ =PTyp (5.16)

Taking into account [(.12] and [5.14], the reader can easily verify the transformation
law of the co-torsor components:

7= QT (v+ w x s0), o=QTw, (5.17)
It is also easy to find two invariants under Euclidean transformations:
e the norm of the spin: || w ||,

e the dot product of the velocity and the moment: v - w.

The linear space M%? of the 4 x 4 skew-symmetric matrices is of dimension
6. Let T} be the set of co-torsors =, in one-to-one correspondance with the skew-
symmetric 4 x 4 matrices[5.141 Thanks to this map, T? is a linear space of dimension
6 if we define by structure transport the addition of co-torsors and the multiplication

of a co-torsor by a scalar.

It is worth to observe the similarity and discrepancy between co-torsors
and torsors. Formaly comparing the transformation laws of their respective compo-
nents, namely 2.10] and [5.17] we observe that the velocity v is the analogous of the
moment M and the spin w of the force F' but, comparing the positions of v and
w in ¥ to the ones of M and F in ji, the analogy is no more relevant. In fact, the
co-torsors ar objects distinct from the torsors [Comment 1].

On this ground, the previous study shows that the velocity field of a given rigid
body can be characterized in the Lagrangean coordinates s’ by a co-torsor of velocity

7(, and spin w':
y 0 7 >
= . . , 5.18
= (% B (319
because their transformation laws [5.11] and [5.10] are just the ones[5.17 of a co-torsor.
We call it the kinetic co-torsor of a rigid body because —ry being fixed— it

contains the essential information to know, through 5.4l the velocity field of the
body in its motion around it.

5.2 Dynamical torsor

5.2.1 Total mass and mass-centre
According to the experimental observations, we claim that:

Law 5.3 The mass is an extensive quantity.
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On this ground, we define the dynamical torsor of a body occupying a continuous
domain B in a given Lagrangean coordinate system. The total mass is:

mg = //Bdm(s’) .

As noticed at Section B.1.2] the elementary particles as an electron have a priori
a spin —even in classical mechanics— but, as far as we are concerned here, it will
be neglected. According to [3.15], the elementary dynamical torsor of an elementary
volume dB(s") around s’ of infinitesimal mass dm(s’) has the reduced form in the
Lagrangean coordinate system (because dB(s’) is at rest in it):

0 dm(s’) 0
di/ () = | —dm(s") 0 0|, (5.19)
0 0 0

Let us consider now the point of coordinates:

o = mig///gs’dm(s') .

Owing to the linearity of the integral and[5.2] it is represented in another Lagrangean
coordinate system by:
§23 = QT(S})’ - 80) )

hence, its coordinates change as the components of a point called the mass-centre
of B. Its definition does not depend of the choice of the Lagrangean coordinate
system. The Lagrangean coordinate systems X’ of which the space origin is the
mass-centre are called barycentric coordinate systems and, of course, one has
in such coordinate systems:

sg = mig ///B s'dm(s')=0. (5.20)

The changes of barycentric coordinate systems are time independent rotations.

5.2.2 The rigid body as a particle

According to Newton’s third law [2.6] the resultant torsor is an extensive quantity.
On this ground, we claim that:

Law 5.4 The dynamical torsor is an extensive quantity.

This law must be applied with caution. Inded, we wish calculating the resultant
dynamical torsor of the rigid body. In order to be summed, the elementary dynamical
torsors of the elementary volumes must be represented in a common coordinate
system X (in the same spirit as in Section 2.3.1). For this aim, we apply the boost
method of Section to the reduced form [(E.19] given in a particular coordinate
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system X' for which the elementary volume dB(s’), assimilated to a particle, is at
rest at the position ' = 0. Let us consider the other coordinate system X = PX'+C

with the Galilean boost: J
"

% 9
and a translation k of the origin v = 0 at r = k (hence 7 = 0 and R = 1ps).
Performing the matrix product applied to (.19 gives the new components of the
elementary dynamical torsor:

v =

(5.21)

0 dm(s')  (dp(s))"
di(s)y = | —dm(s") 0 —(dg(sNT | . (5.22)
—dp(s')  dq(s")  —j(dI(s"))
where:

dp(s') = vdm(s'), dq(s') = rdm(s'), di(s") =r xvdm(s) .

We are now allowed to calculate the sum of these elementary contributions be-
cause they are given with respect to a common coordinate system X of arbitrary
origin. This leads to the following definition:

Definition 5.5 The dynamical torsor of a body B is the integral of the elemen-
tary dynamical torsors of every infinitesimal parts:

0 mpg p;*g
w8 = [[[ datsy = | ~ms 0 “af .
= -p8 g8 —j(lB)

where:
pB:///Bvdm(S/), qB:///Brdm(s’), zB:///Brxvdm(s')

In the arbitrary Galilean coordinate system X, the particle of barycentric coor-
dinates s’ has at time ¢ the position:

r=R(t)s +rg(t), (5.24)

and the velocity [5.21l Using the mass-centre of Eulerian coordinates rg, it is possible
to decompose the dynamic of a rigid body into the overall motion of the body with
the mass concentrated at its mass-centre and the motion of the body around it. This
is the purpose of Ko6nig’s first theorem:

Theorem 5.6 The motion of a rigid body is equivalent to the one of a particle
of mass mpg, position rg, velocity g and a spin angular momentum log linearly
depending on Poisson’s vector w, the components of its dynamical torsor being:
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the mass: mg,
the linear momentum: pg = mpgrg,
the passage: qg = mpra,

the angular momentum: Ilg = rg X mpri + Jpw,

when working in barycentric coordinates.

Proof. Owing to the velocity addition formula [[LT13] and the formula [3.29] for the
velocity of transport, the velocity in the considered Fulerian coordinate system X
is:
v=u+ Rv =u=rg(t) +w(t) x (r—rat)) .
Combining with (£.24] gives:
v=rg(t) +w(t) x (R(t)s) . (5.25)

Introducing this expression into the one of the linear momentum pg, one has:

o i< (0 )

Because we are working in barycentric coordinates, [5.20] leads to:
pB = Mprsg . (5.26)

Introducing expression [5.24] into the one of the passage ¢p, one has:

a5 = rs(t) [[ [ dmi)+Ree) [[[ o amis)

Owing to leads to:
qB = MpBTs - (5.27)

Once again introducing expressions [5.24] and [(£.25] into the one of the angular mo-
mentum [z, one has:

s = rgxig(t) / / / dm(s) + 5 x <w(t) « <R(t) / / /B s/dm(s')»
+ (o o) s
= f /B (R()) x (@(t) x (R()s")) dm(s') . (5.28)

Owing to .20 the second and third terms of the left hand side vanish and:
I =log + 1B X mprg,
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where the second term of the right hand side is the orbital angular momentum and
the spin angular momentum:

o = / / /B (R(D)') x (w(t) x (R(£)s')) dm(s') (5.29)
is a linear function of Poisson’s vector w(t):

los = Ts(t) w(t) , (5.30)

that achieves the proof. B

In short, the dynamical torsor of a body depends on:
e the whole motion of the body through the mass-centre position rz,

e the motion of the body arround it through 75 and w or, equivalently, through
the kinetic co-torsor which describes this motion,

e the geometrical and material characteristics of the body, the total mass and
the moment of inertia matrix.

5.2.3 The moment of inertia matrix

Now we would like to calculate explicitly the 3 x 3 matrix Jg(t).

Theorem 5.7 The linear map from Poisson’s vector w onto the spin angular mo-
mentum log 1s:

Ts(t) = R(t)T5(R(t)" (5.31)

with the time-independent moment of inertia matriz:

To= [[[ 051 150 = 5Ty dm(s) (5.32)

Proof. Using 5.6l and 219 we have:
(Rs') x (wx (Rs)) =(Rs') x (Rw') x (Rs")) = R(s' x (&' x §)) .
Taking into account the vector triple product I2.14] and [5.6] one has:

(Rs) x (@x (Rs) = R(|s |~ (s @')s)
= R (| 8" |* 1ps — 8's™) (R(1)) " w (1) -

Introducing this expression into [5.29 and identifying with [5.30] we obtain 5.31] with
[£.32] that achieves the proof. B
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Denoting 7', %/, 2’ the Lagrangean coordinates, the moment of inertia matrix is:

A —H -G
jl/i — _H/ B/ _F/ ,
-G —-F

where the moments of inertia with respect to the coordinate axes are:

o= Jffestran = [l e [f] et

and the product of inertia are:

:///By’z'dm, G':///Bz'a:'dm, Hf:///lgx/,

The moments of inertia matrix J5 is symmetric then diagonalizable with real eigen-
values and the corresponding matrix P = (V3, V3, V3) is orthogonal. The eigenvec-
tors Vi, Vs, V3 are mutually orthogonal and of unit norm. The corresponding axis
are called principal axis of inertia. The eigenvalues are the principal moments
of inertia A, B,C.

Using [(£.24] it is also worth to notice that the moment of inertia matrix [5.31] can
be recast as:

Ts = ///B(” r—rg |[* Igs — (r = rp)(r —rm)") dm(r) , (5.33)

where B is the image of B through the map s’ —— r. Then we define the matrix of
inertia at the origin r = 0 as:

Tso = [[[ 17 1P 15 =Ty dmtr) (5.34)

and we prove Huygens’ theorem:

Theorem 5.8 The matriz of inertia Jg is transported at the origin according to:

Tso = Ts+mp(|| 75 ||* 1gs — rarg) . (5.35)

Proof. Expanding[5.33 and taking into account [5.34], it holds:

Js = Jso+ms(|| rs | 1gs — rprg)

(oo [l o) ((ffrome) )

(5.36)

+
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But, owing to [5.24] and 520} it holds;

///B rdm(r) = R(t) ///B s dm(s') + mprg = mgrg .

Using this last relation to symplify [(.36] leads to:
Js = Jso —ms(|| 5 ||* 1ps — r87%) |

that achieves the proof. B
Considering a change of coordinate system r = Rr’, the reader can verify easily
that the moment of inertia matrix is transformed according to a formula similar to

G331k
Jso = RTso R" . (5.37)

5.2.4 Kinetic energy of a body
The kinetic energy B.73] of the elementary volume dB(s’) around s’ is:

1

de(s') = 3

lol* dm(s") .

Assuming —as the mass— the kinetic energy is an extensive quantity, the total ki-

netic energy is:
1
es=[[[ 51017 (). (5.39)
B

Konig’s second theorem is a straighforward extention of the first theorem:

Theorem 5.9 The kinetic energy of the body is decomposed into the energy of the
body with the mass mp concentrated at its mass-centre and the one relative to the
motion of the body around it:

1 . 1
€5 = 5 ms | 75 |2 +§w’(jBW) ,

when working in barycentric coordinates.

Proof. Taking into account expression [5.25] of the velocity in the Eulerian coordi-
nate system, one has:

1 . / /
v = [[[ 51760+ =(0) x (RO |2 dm(s)

Owing to [5.20] leads to:

cn = gme | s | *///B% l@(t) x (R@)s') |I* dm(s') . (5.39)
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Taking into account [[2.16] one has:

| x (Rs) [P = (@ |*|| Rs[|” (- (Rs')?
= w-[|RS sz—Rs/((Rs)-w)]
w - [H s’ H2 1ps — Rs/((Rs')T] w

= w- R[] 1gs — s's’T] Rlw .

Introducing it into the last term of 539 and owing to [B.31] and £.32] achieves the
proof. B

5.3 Generalized equations of motion

5.3.1 Resultant torsor of the other forces

As in Subsection [3.3.2] we suppose given some linear map:
dX + dP =T(dX) .

By analogy with that was done in Chapter d with the torsor of internal efforts, we
introduce the covariant differential of the dynamical torsor defined as:

dji = d(P i/ PT)|x1—x = (Pdji' PT + dP i’ PT + P i'dP7) |x1—x .
dji = (Pdi'PT +T(dX) i’ P" + P i/ (T(dX))") |xr=x -
When X’ approaches X, ji’ approaches ji and P approaches the identity:
djii = djp + T(dX) i+ a (T(dX))T . (5.40)

Taking into account the structure of the dynamical torsor Bl and:

dp:d( é OP > - < gA(dX) g(dX) > ’ (5-41)

where I' is a Galilean gravitation and I' 4 is a new object that will be further studied,
the covariant differential of the dynamical torsor reads:

di— (O dar’
F=\ —dr dJ ’
with:

dT = dT4+T(dX)T,  dJ =dJ+T(dX) J+J (T(dX)T 4T 4(dX) TT T (T a(dX )T,
(5.42)
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where the first relation is nothing else B.37l Dividing by dt and using the same
notation as in [3.43] the covariant derivative of the dynamical torsor reads:

. 0 7T
0 — . 4
" <—T J ) (5-43)

with:
T=T+0(U)T, J=J+TU)J+JTU) +T4U)TT =T (C4(U))" (5.44)
On the other hand, let us introduce the following definition:

Definition 5.10 The resultant torsor of the other forces (i.e. different from
the gravitation) is represented by:

VZ(L{ ZT> 7 (5.45)

where the component H € R* represents the resultant of the other forces and is given
by [373) (or [383 for the special case of thrust). G € Mk represent the resultant
moment of the other forces.

Thus we can generalized the law B.I1] to the rigid bodies:

Law 5.11 For any rigid body subjected to a Galilean gravitation and other forces,
the motion is governed by the equation:

~ %

o=

5.3.2 Transformation laws

Once again, guided by Galileo’s principle of relativity [[L13], we claim this law is the
same in all the Galilean coordinate systems. Thus in another Galilean coordinate
system X', we must have:

djii' = dif' + T'(dX") i + i’ (T'(dX"))"

Introducing 3:30 into [5.40], differentiating the products and taking into account [3.28]
gives: B B
dji = Pdji'PT | (5.46)

provided: B o B B
I'(dX') = P"YT'(PdX') P + dP) . (5.47)

Dividing both members of by dt = dt’ leads to:

G PP (5.48)
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To be consistent with Galileo’s principle of relativity [[L13] accounting for [£.48]
* must be transformed under a change of Galilean coordinate systems X' — X
according to the transformation law [B.2] of a torsor, that justifies the definition [5.101
Using the equivalent formulae and the decomposition [5.45] we obtain:

H=PH, G=prcP'+cowpH) —(PH)CT, (5.49)

where the first relation is nothing else B.76l For H of the form B.75] and G of the

form: o= ( 8 ‘ij(M) > , (5.50)

applying [5.49] with a translation k and a rotation R leaves the null components of H
and G while we recover the transformation law 210 of the force torsor. In fact, the
resultant torsor fi* of the other forces is nothing else the expansion of their resultant
static torsor i when recovering the extra dimension of time. The reader can also
verify the relevancy of definition 510 to model rocket thrust. With respect to a
Galilean coordinate system X’ in which the rocket of mass m is at rest, H is given
by B.83] and G is null. In a coordinate system X obtained from X’ by a boost v
and a translation r, the reader can verify that the dynamical torsor of the thrust is

given by B.84] and:
, (0 —rrT
¢ = < e —j(r x (v + w))) ) ’ (5:51)

where w is the velocity of the exhaust gases with respect to a Galilean coordinate
system X'.

Let us examine now in more detail the transformation law [5.47 of T'. Taking into
account the decomposition of P and [5.41] of T allows recovering the transfor-
mation law of the gravitation and revealing the one of the new object I 4:

Iy(dX') = PY(T4(PdX') + dC + T(PdX")C) . (5.52)

Unlike the gravitation I', the new object I' 4 has no deep physical meaning but we can
link it to physical features of the motion according to the following reasoning. As a
rigid body can be considered as a particle of mass mg and spin [z, let us consider two
proper coordinate systems X’ and X’ of this particle (defined in Subsection B.1.2]).
As the change of coordinate systems X’ — X’ = P X’ is linear, the translation C
vanishes and:

Iy (dXx"y = P'T,(PdX") . (5.53)

As the map I", is linear, the most simple choice for the proper coordinate systems
is the identity:
Iy (dX'") =dXx’,

—
for which [£.53]is the transformation law for the components of the vector dX’. Next
we can deduce the expression of I'4 in any other coordinate system X = P X' + C
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thanks to its transformation law which reads by inversion:
F4(dX) =PI (dX") — (dC+T(dX)C)=PdX'— (dC +T(dX)C) ,

or in short:

T'A(dX) =dX —dC . (5.54)

5.3.3 Equations of motion of a rigid body

Let us consider a proper coordinate system X’ of the rigid body considered as
a particle. In another coordinate system X = PX’ + C obtained by applying a
Galilean boost 73 and a translation of the origin r = 0 at £k = r (hence 7 = 0
and R = 1ps), the dynamical torsor is given by Konig’s first theorem In the

Coordinale SyStem:
B

Owing to expression [3.38 of the Galilean gravitation, I'4 is calculated by the trans-
formation law [5.54]

PA:d( T‘tB >_d< 723 >_<j(Q)dr(z)g—gdt j(f%dt) (2; > B ( —thrgdt> '

Taking into account [5.43] and [5.45], the law [5.11] of the rigid body motion reads:
T=H J=G. (5.55)

The first equation is nothing else the law [B.IT] of the linear momentum that has been
studied in Section B.5.J1 With the notations concerning the rigid body, the equation
of motion B.77 reads:

mg = 0, pp=mp(g—2Q xrg)+ F . (5.56)

Let us detail now the second one. With some abusive notations again, we write:

j:<? s )
s —j(lB)

(L) ro=( k)

Owing to [3.44] the second relation of [5.44] leads to:

Also notice that:

B =ds+ QX (gg —mprs) — s ,
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lOB:l.B—I-QXlB—I—qBX(QXT"B—g)—(QXTB)XpB.

Applying Jacobi’s identity [2.151to the last term of the expression of L B, owing to the
definition B.I3] of the spin and the expression of the passage qg = mprp stemming
from Konig’s first theorem [5.6, we obtain:

4B = 4B — DB, I =I5+ Qxlog —qs x (g —2Q x 75) . (5.57)

Once again using the expression of the passage, the second equation in [(.55] reveals
—in addition to .56 new motion equations:

dB =DPB ; (5.58)

Ig+Qxlog=rgxmplg—29xrg)+ M. (5.59)

The first relation is obvious taking into account the expressions of the passage and
the linear momentum given by Koénig’s first theorem [5.6, and the time independance
of the mass The second one is relevant for the study of the motion of the body
around it. For the particular case of no spinning (2 = 0), we deduce the theorem
of the angular momentum:

Theorem 5.12 For a rigid body subjected to gravity g without spinning and other
forces of resultant moment M, the time derivative of the angular momentum is equal
to the resultant moment of the gravity and the other forces:

l.B:TBXmlgg—I—M.

5.4 Motion of a free rigid body around it

Let us consider a rigid body free of gravitation and other forces. A typical applica-
tion is a satellite at so large distance of the Earth that the gravitation effects are
negligeable in a suitable space-time window as discussed in Subsection [3.2.2 Within
this window, the mass-centre is in uniform straight motion. For convenience, we use
an Eulerian coordinate system in which it is at rest:

=0, (5.60)

hence the angular momentum given by Koénig’s first theorem is reduced to the
spin:
g =1 .
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We hope to study the motion of the body around it, starting from the new equation
of motion B.59 Because g = 2 = M = 0 in the Eulerian representation, it reads:

iB = l‘OB = 0 s
Owing to and [5.31] we obtain three integral of the motion:
R(t)jl/?(R(t))T w(t) = log = C* .

It is worth pull-backing the spin onto the body at rest by working in the Lagrangian
representation but we must take care that the transformation law B.51] leads to a
non vanishing spinning:

O =Rlw=w.

where we use Thus, in the Lagrangian representation, the equation of motion
.59 leads to Euler’s equation of motion of a rigid body:

b+ xllg=0. (5.61)
Because of the transformation law B.14] of the spin, £.30] £5.31T] and
I)g = RTlos = RTJsw = RTRILRT w = Jhoo'

Because the moment of inertia matrix Jj is time independent, the equation of
motion becomes:

Jpw' + @' x (Jpw') =0 .
Performing the dot product by @’ gives:
@ (Jpw') =0, (5.62)
and we obtain a new integral of the motion:
o - (Jpw') = O = 2ep (5.63)

where, according to Konig’s second theorem [5.9 and [5.60] ep is the kinetic energy
of the body. The geometrical interpretation of this relation —due to Poinsot— is that
Poisson’s vector @’ lies on an ellipsoid of equation (.63 (figure 5.1]). Because the
moment of inertia matrix is symmetric, reads:

13./ : (jl/?w,) =0 )

thus the tangent plane at @’ to Poinsot’s ellipsoid is perpendicular to the spin
angular momentum [{;. Its distance to the origin:

/
o 08 2ep

Hos Il 1ios I
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Figure 5.1: Poinsot’s construction

is time independent. Pulling back this construction into the Eulerian coordinates,
the motion is described by saying that the ellipsoid rolls on the invariable plane
drawn perpendicular to the time independent vector lgg at the invariable distance
2ep/ || ljg || of the origin. The vector drawn from the origin to the contact point is
Poisson’s vector w’. The curve traced by this point of contact on the ellipsoid and
the plane are respectively called the polhode and the herpolhode.

Let us examine now the particular case of a body with rotational symmetry
around an axis. In the principal axis of inertia with the third one being the rotational
symmetry axis, A = B and the spin angular momentum reads:

A0 O o) Aw)
lg=Jpgm =1 0 A 0 wh | = | Aw)
0 0 C wh Cwh

Hence Euler’s equation of motion [£.61] reads:

A + (C — A)whwh =0,

Ay + (C — A)wiw) =0,

Coy=0.

where A and C' are time independent. From the last equation, we find a first integral
of the motion, the spin @} of the body around its rotational symmetry axis. Next,
adding the first equation multiplied by @} and the second one multiplied by <}
gives the second integral of the motion:

w,12 + w/22 _ Cte ,

and, consequently:
/2 2 2 2 ¢
| @ ||“= @) + wy + w5 =C* .

89



The herpolhode is a circle of time independent radius:

2
Q:\/an_( 2es ) -
s

5.5 Motion of a rigid body with a contact point (La-
grange’s top)

The toy spinning top is a solid of revolution subjected to the gravity and placed in
contact with a horizontal plane (figure[5.2)). In absence of spinning, the top naturally
tumbles because of the gravity but if it is set spinning about its axis of revolution
at a sufficient rotation velocity, it stands upright. In this Section, we would like to
explain why the spinning motion prevents the top taking a tumble. For this aim,
the top is modelized as a rigid body subjected in a suitable Eulerian coordinate
system 7 to a uniform gravity g without spinning (2 = 0), in punctual contact with
a rough surface at a point O then no sliding is allowed. For convenience, let us pick
2’s axis directed vertically upward, as determined by a plumb line, and the origine
at O. Drawing the free body diagram of the top, we remove the support at O and
we draw a reaction force F' (figure B.2]) acting at O. As the gravity is uniform, we
can modelize its action upon the top by its resultant mpg acting at the mass-centre
G, and obtained thanks to the equation of motion in absence of spinning:

F:pB_mBg7

after determining the trajectory. For this aim, we use the equation of the motion
.59 of the body around it. As the contact point O is at rest in the considered
Eulerian coordinate system, taking into account [£.4], the no sliding condition reads:

f‘gzwxrlg.

Hence, starting from the expression of the angular momentum in Koénig’s first
theorem [5.6] and owing to I2.10] it holds:

Ig = mprex(wxrg)+Jpw = (mBj(TB)j(TB) + JB)w
= (ms(|l 5 | 1ps —rprg) + Ts)w -
(5.64)
By Huygens’ theorem [5.8] the angular momentum of the top reads:
lp = JBow . (5.65)

In a similar way, starting from the expression of the kinetic energy in Konig’s second
theorem [5.9 and owing to [12.16], it holds:

1 1
es = §mB(H rg Pl @ || —(rg - @)?) + 3@ (Jpw)
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A

Figure 5.2: Lagrange’s top

Because of Huygens’ theorem [5.8], the kinetic energy of the top reads:
1
5= 5w (TBow) . (5.66)

On this ground, we consider a Lagrangian coordinate system r’ with origin at the
contact point O, the rotational symmetry axis being the one of 2/, and we modelize
the body motion by the rotation matrix R of the map from the reference Eulerian
coordinate system 7 onto ' = RTr. To express w in terms of Euler’s angles, we
differentiate [3.20] with respect to the time:

R=R,RyRy + RyRyRy + RyRy Ry .
Hence, we have:
RR" = R R] + R, (RyR§)R] + (RyRy)(RyRY)(R,Ry)" .

w,, wy and wy being respectively Poisson’s vectors of R,, Ry and Ry, it holds,
owing to [12.20]

J(@) = j(wp) + §(Rywy) + j(RyRywy) -

Because the map j is linear and regular, we obtain:
w = w, + Rywy + RyRywy, ,
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Introducing R,y = R, Ry, its pull back onto the coordinate system 7 = Rgﬁr is:
RTRTw wacp + R wy + wy . (5.67)

Taking into account 321 it holds:

cospcost? sinpcos? —sind 0 costy 0 —sind 0
w = —sing cos ¢ 0 0 |+ 0 1 0 ]
coswsind  sinpsind  cos? % sind 0 cos? 0
and we obtain:
—psin g
= ? . (5.68)
Y+ ¢cost

According to [5.37], the moment of inertia matrix reads in the Lagrangian coordinate
system 7:

Jso = RyJhoRY, |
or, owing to 321t

3 cosyy —siny 0 A 0 0 cosy siny 0
Jso =] siny cosyp 0 0 A O —siny cosy 0 ,
0 0 1 0 0 C 0 0 1
that leads to: .
Jso = Tpo (5.69)

which is nothing else an expression of the rotational symmetry of the body around
the Z’s axis. By putting @, = 0 in[5.67, Poisson’s vector of the rotation matrix R,y
is found to be in the Eulerian coordinate system 7:

—psind
o9 = Royw, + Ry = )
pcost

Now, we are able to find three integral of the motion:

e Let us calculate the time derivative of the total kinetic energy .38 and take
into account the equation of motion of the elementary mass dm(s’) in the
reference Eulerian coordinate system r were the spinning 2 vanishes and the
gravity ¢ is uniform:

o o= o= ([ i)

Because of definition and Konig’s first theorem [5.6] one has:
€EB=pB-g=mBY-TB .
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Introducing the gravitational potential:
¢b=—-g-r8,
we obtain a first integral of the motion, the total energy:
er =ep+mpo .
The total kinetic energy becomes:

en = % (Rpp@)" - (Tpo(Rpn®)) = 15 (Js0%)

[\

where Jpo = RgﬁJBORW, according to the transformation law [5.371 Owing
to [0.68] and [5.69] one has:

1 : :
5 =5 (A(192 + ¢?sin®9) 4+ C (¥ —|—<,bcos19)2) .

Besides, h being the distance between the mass-centre G and the contact point
O, one has:

cospcosty) —singp cospsiny 0 cos psin
8= RyyTp = | sinpcosty cosy sinpsind 0 | =h | sinpsind
—sind 0 cos h cos ¥

and the gravitational potential reads:

cos @ sin v
p=—(0 0 —| gl )h| singsind | =|g| hcos?.
cos ¥

The first integral of the motion, the kinetic energy reads:

1, . :
er =3 (A(ﬁ2 +@?sin? ) + C (¢ + sbcosﬁ)Q) +mp || g heosy =C* .
(5.70)

The second integral of the motion is obtained considering the equation [5.59] of
motion in the Eulerian coordinate system 7:

l~3+§~2xl~03:f3 Xmg(g—QQXTLB) ,
where the moment of the reaction force acting at the origin O vanishes. Be-
cause the position vector 75 of the mass-centre is collinear to the basis vector
ez, we obtain by projection:

e (g +Q xlog) =0 . (5.71)
( )
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Owing to [£.65] (.68 and [5.69] the angular momentum reads:

) ) —Ap sjnﬁ
I = Jow = _ Ad . (5.72)
C (¢ + ¢cosv)

On the other hand, the spin angular momentum reads:
log = Jpe

Owing to Huygens’ theorem [5.8] namely [5.35] one has:

o A0 0
Js=Jpo —mp(|| 75 ||* lgs —7ig) = | 0 A* 0 ,
0 0o C*

where A* = A — mph?, C* = C and, taking into account [5.65]

—A*psind

log = A%
C* (¢ + ¢ cos )

Moreover, using the transformation law [3.51] of the spinning and because 2 = 0
in the reference Eulerian coordinate system r, one has:

0 = ey -
After calculation, it holds:
. i —4(Apsind) + (C* — A*)J¢p cos ) + C*d)
B+ Q xlpp = %(Aﬁ)+(C*—A*)gbzsinﬁcosﬁ—FC*(pwsinﬁ
L(C (¥ + ¢cos 1))

Because C is time independent, relation [5.71] leads to a second integral of the
motion, the projection of the angular momentum onto the top symmetry axis:

Y+ peost =C =n | (5.73)

often called spin and denoted by n. It is worth to remark that, as for the
motion of a free rigid body around it, the spin integral of motion results from
the rotational symmetry of the body.

The third integral of motion is obtained considering once again the equation
of motion but in the reference Eulerian coordinate system r. Hence, the
assumptions of the theorem of the angular momentum are fulfilled and
the equation of motion is reduced to:

iB =7rg X Mg . (5.74)
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The gravity g being collinear to the time-independent basis vector e, along
the vertical z’s axis, it holds:

lz:_lz:lz: )
B-e€ dt(B ez) 0

and the z-component of the angular momentum is an integral of the motion:
I, =C". (5.75)

For the change of coordinate system r = R y7, the velocity of transport [3.29
vanishes at r = 0, then the transformation law 3.8 of the angular momentum

gives :
Ip = Ryl .
Introducing;:
cospcostd sinpcosy —sind 0 —sin ¢
€, = Rgﬁez = —singp CoS ¢ 0 0] = 0 ,
cospsint sinpsiny  cosv 1 cos v

and taking into account (.72l and [5.73] the last integral of motion reads:

I, =ellg =¢ells = Apsin® 0 4+ Cncosd . (5.76)

Setting aside definitely the events C' = 0 and n = 0, we define the adimensional

constants:
A
9 Ny =" YR TEETEN A
2mg [l gl h
and the adimensional variables:
2 h
r=cosd, ¢, 9, T=1 —BIILT L‘lg Ik

Denoting ’ the derivative with respect to 7, the integral of the motion (.70} (.73 and
5.70] read:

2ep — C'n? l,

a=——— b=
2mp [l g |l h

=l Q

?+ P (1-2) =(a—2)(1-27),
1/}/ + (plx = n* bl
o' (1 — :172) =bn.(B—x) .
Eliminating ¢’, we get the differential equation:

2% = f(z) = (@ —x) (1 —a?) = t*ni(B —2) .
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The motion is possible only if f(x) is positive and | z |< 0 (since z = cos?}). For
large values of | z |, f(z) is dominated by the cubic term in z, then

A () = o0
As f(—1) < 0 and f(1) < 0, the cubic polynomial f has three real zeros z1, =2, x3

such that:
—l<ri<zra<l<uzy,

special cases of equality being disregarded here. The variable x oscillates within
the interval [z1,x2]. Then the nutation angle ¥ is varrying between limit values
corresponding to x; and xg, that explains why the spinning top does not take a
tumble. The azimutal angle ¢ is given by:

;o bn.(B — x)

1 =22

It is clear that ¢’ has one sign throughout the motion if and only if 3 lies outside
the interval [z1,x2]. The motion is most clearly followed by tracing the path of ez
on the unit sphere with coordinates ¥, p. This path is bounded by the two circles
x = x1 (above) and = = x5 (below), and the path crosses itself if and only if ¢’
changes sign during the motion.

5.6 Comments for experts

[Comment 1]This partial analogy is a cause of misleading and confusion in literature
where co-torsors are erroneously identified to torsors.
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Chapter 6

Calculus of Variations

6.1 Introduction

Since a long time, it has been remarked that the laws of many natural phenomena can
be obtained by realizing an extremum (minimum or maximum) of a certain physical
quantity assigned to a function modelizing the considered phenomenon. In other
words, we use a real-valued map defined on a set of functions and called a functional
(a function of functions). Such a formulation, called a variational principle, is used
to obtain the physical laws of the consider phenomenon by means of the calculus of
variations. The variational principles have over all a mnemonic value which allows
deducing the physical laws in a consistent and systematic way.

In the Dynamics of particles and rigid bodies, the considered functional is called
the action and the corresponding variational principle is the principle of least action
that allows to deduce the equations of motion in a more abstract way as in Chapters
Bl and

The starting point is the Lagrangian, i.e. a differentiable real function:
L:RxR"xR" —R:(t,y,2) — A= L(t,y,2) .

To a differentiable map t — y we associate the number:

t1
alyl= [ L(ty,y)dt,

to

called the action, that defines the functional y — afy]. Let us suppose that y
depends on a parameter € so that the map:

<z>|—>y, (6.1)

is twice continuously differentiable and:
\VIE, y(t07 E) = Yo, y(tb E) =Y - (62)
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The action depends now on e:
a(e) = aly].

if the action has a minimum for the map t — y(t,0), the function € — « has a
minimum at € = 0 and thus:

oL
J— / J—
5@—@(0)—/t e

0

dt=0. (6.3)

The time derivative g is now a simplified notation for the partial derivative of y with
respect to t and the partial derivative with respect to the parameter e:

_ 9y
e =0

is called the variation of y, hence the name of calculus of variations. As the
Lagrangian depends on € through y and g, the chain rule provides:

0L _ 0L Oy 0L Py _0Ldy 0L Oy
de Oy e Oy 0edt Oy de = Oy Otde’

because y is twice continuously differentiable. With simplified notations, one has:

oL

De . oY) (6.4)

oL oc (dy\ oL . oL d
T ey 5<dt> oy VT oy @

where the derivative symbols d/dt and ¢ are permuted. Substituting this expression
into the variation [6.3] leads to:

oL oL d
o = oy+ —=— —(0 dt =0 .
“ /t [ay 55 i y)}

Integrating by parts, it holds:

oL " b roL oL
O L L - | e
[&y y]to v LOY Cdt Y 4

Taking into account [6.2] the variation of y vanishes at t = ty and ¢ = t; and we have
for any map [6.1] hence for any variation dy:

hraL d (oL
Sa = = _ - Sydt=0. 6.5
“ /to [811 dt(@)] (65)

We are in situation where f being a given map defined on [tg, 1] we have:

" e syt dt =0,

to
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for every continuous function ¢ — 0y, for instance dy = f g where g(t) = —(t —

to) (t —t1): )

" ft) oy(t)dt :/t (f(®)?g(t)dt =0 .

to 0

The integrand is non negative so it must be zero. Applying this result to leads

to:
d (LN oL
Zﬁ<@>_ay_0’ (&)

and by transposition to Euler-Lagrange equations:

% (grady L) — grady L =0 . (6.7)

The curve of R" represented by the map ¢ — y realizing the minimum of the action
is called natural path. Taking into account (6.6]), we have along the natural path:

dC _ocdy OLdy _d (DL . OLdj
dt Oy dt Oy dt dt \ 0y Oy dt’

d (0L .
i (5-c) =0,

hence we obtain a quantity preserved along the natural path, Legendre’s transform
of the Lagrangian and called Hamiltonian:

that reads:

_8;6‘ o te
H=Goi—L=C (6.8)

Next, let us examine current situations in which the variable y is subjected to a
constraint:

vt € [t07t1]7 f(tay(t)) =0.
We would like that:

{0f =grad, f-dy =0} = {5£: [% (gmdyﬁ)—gradyﬁ} -5y:0} ,

hence there exists a Lagrange’s multiplier A € R such that:

% (grady L) — grad, L = Xgrad, f . (6.9)
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6.2 Particle subjected to the Galilean gravitation

6.2.1 Guessing the Lagrangian expression

We would like to find the equations of motion of a particle by this method. Although
at first glance it may seem attractive, to be honest we have to say that it is not so
easy to know the expression of the corresponding Lagrangian. To get it, we use an
heuristic way. To lay the ground, we first try to guess it in the simple case of a free
particle, hence in uniform straight motion in some Galilean coordinate system X’.
The studied phenomenon is the trajectory of a particle of mass m, modelized by the
function ¢t — 7’. In absence of gravitation, the equation of motion is reduced
to: .
wo_y
dt
From the comparison with Euler-Lagrange equations (where y is r" and 7/ is v')
we gather:
grad, L =p =mv, grad,. L=0.

Modulo a constant, an obvious solution is:
/A AN 1 /12
ﬁ(tﬂ’ﬂf)—imHU H )

which is nothing else the kinetic energy 3731

= Unfortunately, the calculus of variations is littered with traps (but we
shall learn to avert some of thems). The problem of this Lagrangian is that it was
found in a very peculiar situation where the particle is in uniform straight motion
in X’. In fact, the previous expression is not general and our goal now is to find
its generic form in any Galilean coordinate system X. For this aim, we use the
boost method in the spirit of Section The coordinate change X’ —— X being
characterized by a boost u and a rotation R, we use the velocity addition formula
[[13] to express the Lagrangian in terms the velocity in the new Galilean coordinate
system X:

1 1 1
L=gm| v IP=5m | RV [P= smv—ul?,

thus, expanding;:

1 1
£:§m|]v|]2+§m|]u|]2—mu'v. (6.10)

For this new expression of the Lagrangian, Euler-Lagrange equations:

% (grad, L) — grad, L =0, (6.11)
give:
% (m(v—u)) +m(grad,u) (v —u) =0.
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Taking into account the expression of the velocity of transport, one has:
mo=mli+jw@) @ -—u);
that, owing to the expression B.53] of the acceleration of transport, leads to:
mov=mag .

In the old coordinate system X', the particle is gravitation free hence ¢ = Q' =0
and, taking into account the transformation law [3.52] of the gravitation, we recover
Souriau’s equation of motion [B.47}

mi=m(g—2Q xv),

in any Galilean coordinate system X.

6.2.2 The potentials of the Galilean gravitation

Next, let us consider a more general case where there is not necessary particular
Galilean coordinate systems in which the particle is in uniform straight motion.
Having a look to the Lagrangian [6.10] we claim that the Lagrangian for a particle
subjected to a Galilean gravitation has the following general form:

Lt,rv)=3m|v|*+mA-v—m¢, (6.12)

where (r,t) — ¢(r,t) € R and (r,t) — A(r,t) € R? are given scalar and vector
fields assumed to modelize the gravitation (for instance, the particular Lagrangian
is obtained with ¢ = — || u ||? /2 and A = —u). Corresponding Euler-Lagrange
equation reads:

% (grady, L) — grad, L = % [m(v+ A)]+m [grad¢ — (grad A)v] = 0.

As the field A depends on r and ¢, one has:

_ A DA
p+m [E+Ev+grad¢—(gmdz‘l)v] = 0.

A
p+m [graqu + %—t + j(curl A) v] =0.
We recover the equation of motion (3.45):
p=m(g—2Q xv),
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as Euler-Lagrange variation equation of the least action principle, provided we put:

gz—gmdqﬁ—%—’?, Q=3curlA. (6.13)

The fields ¢ and A are called the potentials of the Galilean gravitation. It is
said that the components g, 2 of the Galilean gravitation admit or are generated
by the potentials ¢, A. In fact, we already know the scalar potential ¢, we met
it in the particular case of the Newtonian gravitation and it was given by in
Kepler’s problem. By a straightforward calculation, the reader can verify that, for a
given Galilean gravitation, a necessary condition for the existence of the gravitation
potentials is
curlg+2@20, divQl=0.
ot

A= It is worth to remark that there is not always a variational formulation
because it is conditioned to the satisfaction of these two conditions (this is another
trap of the calculus of variation).

Besides, let us remark that for a given gravitation field, the choice of the poten-
tials ¢ and A is not unique. Indeed, let ¢* and A* be potentials allowing to recover
the same gravity and spinning fields by Hence A¢p = ¢p* —pand AA=A"— A

satisfy:
grad (A¢) + %(AA) =0, curl (AA) =0

Because of the last condition, there exists (at least within a simply connected sub-
domain of R*) a scalar field (r,t) — f(r,t) such that:

AA=gradf
and the first condition reads:
of
grad (Agb—i— E) =0.
We can conclude that:
o = —%, A" = A+ gradf | (6.14)

leads to the same gravitation field as ¢ and A. The arbitrary field f is called a
gauge function and the previous condition is the gauge transformation.

At this stage, it is worth discussing once again an important integral of the
motion already met about Kepler’s problem in Section [3.4] but now in a more general
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context. Inded, along the natural path, i.e. the trajectory, the Hamiltonian is
constant. Taking into account the expression (6.12]) of the Lagrangian, one obtains
the integral of the motion:

H:g—fv—ﬁzém||v\|2+m¢, (6.15)
which is noting else the total energy (3.74)).

Before going further, let us have a look once again to the exemple of subsection
B3I In the Galilean coordinate system X’ such that ¢’ = Q' = 0, the particle is
at rest. For the observer rotating at ro = 0 at constant rotation velocity w and
working with the Galilean coordinate system X, the potentials of the gravitation
are, under the conditions B.63], given by:

1 1
p=—gllulP=-5loxrl, A=-u=-wxr.

As exercice, the reader can verify that [6.13] allows to recover the expression B.64] of
the spinning and gravity fields.

6.2.3 Transformation law of the potentials of the gravitation

Introducing into the Lagrangian [6.12] the expression of v given by the velocity addi-
tion formula [[.I3] we obtain after straighforward calculations:

1
L(t,r' ) = 3 m |V )2 —m¢ +mA -V,

where:

1
=0—Au—gul? A'=RT(A+u) . (6.16)

Let us prove it is the transformation law of the Galilean gravitation poten-
tials in the following sense:

Theorem 6.1 If the components g,§2 of the Galilean gravitation in the Galilean
coordinate system X are generated by the potentials ¢, A, according tolG. 13, then the
corresponding components g', Y in another Galilean coordinate system X' admit the
potentials ¢', A’ given by [6.16]:

oA 1
g =—grady ¢’ — =2, Q=ccurly A (6.17)
The quantity:
I=¢+[A|*/2 (6.18)

s a galilean invariant.
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Proof. The calculus is decomposed in four steps.

e Step 1: recasting the transformation law of the gravity. Let us remark by
time differentiating [3.29] at constant r that [3.60] is nothing else:

a*—@
oot
Hence B.61] reads:
ou ,
g:E+wxu+2qu+Rg , (6.19)

which is a more compact way to write the transformation law of the gravity

.02

e Step 2: establishing the transformation law for the derivatives of a column
field. Owing to B.28] it holds for any column field X — ¢/(X) € R™:
o’ o’
dv' = ——=dX = — PdX'.
YT ox 0X
On the other hand, v’ being seen as a function of X’ through the coordinate
change X — X', one has:

o'

= o5 0X

dv’

dX’ being arbitrary, we obtain by comparing the previous relations:

' o0
=—P.
oxX' 00X
Taking into account [[L9, one has:
o' o o o' o

= a tar a s a (6.20)

e Step 3: demonstrating the second condition [6.17. Applying this formula to
the potential field A and owing to its transformation law [6.16] one has:

0A" 0 _p 70
because R is independent of r. Owing to the definition 12,40 of curl and 12.20],
it holds:
oA [aANT 9 d T
. no_ Y _pT | 2 _ [ =
ewto a) = 55— (92) = | D) - (sta+w) | 2.
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jleurly A = RTj(curl, (A+u)) R = j(R curl, (A4 u)) .
Because the map j is regular, we obtain:
curl A" = RY (curl, A+ curl, u) .

Differentiating [3.29] with respect to r gives:

O i), gradu=—j(w), (6.21)

and using once again 12,40
curl, v = 2w , (6.22)

that proves, owing to [6.13], the second condition [6.17]
1 / T 1 /
§curlT/A =R (§curer+w) =Q .

e Step 4: demonstrating the first condition [6-17. Applying the first condition
6.20] to A and taking into account [6.16], one has:

!/ /! !/
04 :%JraA u=RY(A+u)+ R <£(A+u)+%(14+u)u> ,

ot~ ot | or ot

or, taking into account [3.25]

oA {0 0
BT =R (E(A—Fu)—i—a(fl—ku)u—wx(fl—ku)) .

On the other hand, applying the second condition[6.20/to ¢, transposing, owing
to [6.16] and [12.36] one has:

grad, ¢ = RT (grad, ¢ — (grad, (A+u))u — (grad, u) A) .

Combining the last two results and owing to [6.13] gives:

, 0A T ou 0
—grad ., ¢ — =R |g——+(grad, (A+u) — —(A4+u) ) u+ (grad, u) A+ w x (A+u)
ot ot or
Owing to the definition [2.40] of curl, .13 [6.22] and [6.21] one has:
0A ou
— / T = T _— — —
grad.,. ¢ 57 R [g 5% © Xu—280 % u] )

that, taking into account [6.19], proves the first relation 6171

Moreover, by a straighforward calculation resulting from [6.16] it is easy to
verify that the quantity B6.18]is invariant.ll
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6.2.4 How to manage holonomic constraints?

Thanks to Lagrange’s multipliers, some modifications can be done to model other
forces as the gravitation. For instance, let us consider Foucault’s pendulum (Sub-
section 35.2]). The bob moving on the sphere of centre P, radius [, its position is
subjected to the holonomic constraint:

fr)=1- VAT 2T (- E =0,

hence:
—x
-y
l—z

grad f =

~| =

The gravity ¢g and the spinning € given by [B.78 being uniform, considering the
gravitation potentials:

p=mllglz A=Qxr,

and Lagrange’s multiplier .S, the modified Euler-Lagrange equations with y =r
allow to recover the generalized equations of motion B.77] with the tension force along
the thread:

F=Sgradf .

where Lagrange’s multiplier S is physically interpreted as the intensity of the tension
force. Finally, we recover the equations B.79] B.80 and B.81] of Foucault’s pendulum
motion by a variational formulation.
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Part 11

Galilean Dynamics and
Thermodynamics of Continua
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Chapter 7

Statics of 3D continua

7.1 Stresses

7.1.1 Stress tensor

The aim of this chapter is to study the static equilibrium of a bulky body occupying
an open domain V of the 3D affine space (figure [ZI]). First of all, we have to model
the internal and external forces, defined in a global way at Subsection 2331 We
would like to give a more accurate description of them. To identified the internal
forces, we isolate a part V_ of the body by cutting it along a smooth surface S of
equation f(r) = 0 where f is a level-set function of class C'' and conventionally
negative in V_.

Figure 7.1: Stress vector

Drawing the free body diagram of the part V_, the distribution of internal forces
acting upon it through the surface will be assumed at least continuous. At a given
point P of interior of the surface, let us consider an infinitesimal surface element
completely defined by its area dS and its orientation. Working in a Galilean coor-
dinate system r, the surface element is perpandicular to the gradient of f of which
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the components are the partial derivative of f. In a Galilean coordinate system, the
components of the unit normal to the surface, pointing away from the considered
part, are:

1 of
I15E) or

which are the components of a covector n, that is a 1-covariant tensor. According
to the transformation law (ZI0), we saw that the forces are vectors, that is 1-
contravariant tensors. Let dF7 the components of the elementary internal force
vector (ﬁ s acting at P upon V_ through the surface element dS.

Definition 7.1 The stress wvector acting at the point P through the surface S
(from Vi to V_) is

value of a map:

In other words, if ﬁ is the resultant of forces acting upon V_ through the small
portion AS of § around P, it is the limit

7 = lim A—
CASS0 AS
—
By Newton’s third law (Z3]), the resultant of forces AF’ acting upon V; through

AS is such that:
AF — —AF .

Dividing both membres by the area and passing to the limit, the mutual stress vector
of action and reaction are equal and opposite, that can read:

T(P,-n)=-T(P,n) . (7.1)

In the same spirit, we consider the external forces can be modelised by the
elementary force vector dF; acting at P upon the volume element d) around P.

Definition 7.2 The volume force acting at the point P upon the body V is

7-

d—)

F,
a -
Now we prove Cauchy’s tetrahedron theorem:
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Theorem 7.3 If the maps (P,n) — T(P,n) and P ?(P) are continuous,
balance equation (2.12) implies that there exists a 2-contravariant tensor field P —
o(P), called Cauchy’s stress tensor, such that:

T =0(P) n. (7.2)

Figure 7.2: Stress vector

Proof. Because the set V is open, we can find, as a particular subdomain of V, a
thetrahedron V; with vertex P, three faces parallel to the coordinate planes and a
face Fy normal to n of area Sy and at the distance h of P. As indicated in figure
[L.2] let F; be the face opposite to another vertex Pj, so its area is S; = n;Sp. The
force balance equation (2.12]) of the tetrahedron reads:

3
kzzo FkT(P,n)dS(P)+/Vt?(P)dV(P):o.

and considering the projection on the axis Or®:
3
3 / TP n)dS(P) + [ F(P)av(P) =0 .
k=0 Fk Vi
Taking into account the continuity hypothesis, we can apply the mean value theorem
for integrals. Hence there exist points P, € F}, and P € V; such that:

b,

=0.
3

3
T'(Py,n)So+ > T'(P;,—€’)S; + f(P)
j=1
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Thus, it holds:

=0.

wl?

T'(Py,n +ZTZ (P, —€’)n; + f'(P)
7j=1

Keeping the covector n fixed when h approaches 0, the points P;, 15] and P coalesce
into P. Using again the continuity hypothesis, one has:

3

TH(P,n) = — ZTi(P, —el)n; .

j=1
The coordinate system being arbitrary, one has:

3

T(P,n)=-> T(P,—e)n; . (7.3)
j=1

Using next the continuity with respect to the second variable, let m approach a
particular cobasis vector e’ in the previous relation, we obtain:

T(P,e’) = —-T(P,—¢€’),

that is nothing else Newton’s third law in the form (). Taking into account of
this, relation (7.3)) leads to:

3
T(P Zn]e] T(P,n)= anT(P, e’) .
j=1

that proves T is linear with respect to the second variable n. As the value of T is a
1-contravariant tensor and m is a 1-covariant tensor, there exists a 2-contravariant
tensor o (P) such that T (P, n) is obtained by contracting once the tensor o(P)®n.
|

In a given basis (€;) and using the convention of summation, relation (7.2) reads:
i S
t'=0"n;

In a new basis (€,) obtain from the previous one through a transformation matrix P,
the new components are given by the transformation law of 2-contravariant tensors:

S (PP (7.4)

which, according to (I3.3]), reads in matrix notations:



In particular, when working in Galilean coordinate systems, the transformation ma-
trix is a an orthogonal transformation and we obtain the transformation law of
Fuclidean stress tensors:

o =RToR. (7.5)

To model realistic situations, is is often useful to consider piecewize continuous
distributions of forces. Let two regions V_ and Vy where the stress field is continuous
and separated by a discontinuity surface S. According to Newton’s third law in the
form (Z10), the only continuity requirement crossing S is the continuity of the stress

vector: -
[ ¢ ] —0.

7.1.2 Local equilibrium equations

Now we prove:

Theorem 7.4 If the maps r — o(r) is continuously differentiable, balance equation
(212) implies the local equilibrium equations of 3D continua:

(dive)l +f=0 (7.6)

ol =0 (7.7)

Proof. Working in a given Galilean coordinate system, let dF' be the 3-column

gathering the components dF? of the elementary force dF acting at P of coordinates
rt. Tts torsor (ZII]) about the origin O is, owing to (IZ.9):

gi— (0 drT (0 dFT
H=\ —ar —jrxar) )~ \ —dF rdFT —dFr,T ) -

For a arbitrary subdomain V of the considered body, the resultant torsor is the
integral of the elementary torsor of every infinitesimal parts corresponding to forces
cﬁv on V and cﬁs on its boundary dV:

i) = [ aii+ [t = (0 W)

where:
A= [ ane+ [ane = [ wase+ [ peane).
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= r (Nt —t(")rT r’ r(fNT = feyrT r’) .
JV_/av( ()" —t(r)r) dS( )+/( (fr)" = f)r) dv(r)

v

Working now with tensor components and simplified notations, taking into account
Theorem [7.3] the force resultant is represented by:

F,@:/ tid5+/fidvz/ Jijnde—l—/fidV.
oV 1% oV 1%

Transforming the first term by the divergence theorem for tensor fields and owing
to the balance equation, we have:

F":/V<arj f)dV:O,

for every subdomain V), therefore one has at any point r:

Ood

577 fi=o0, (7.8)

As the choice of the Galilean coordinate system is arbitrary, this proves the force
equilibrium equation (Z.6). In a similar way, the moment resultant matrix Jy is
represented by:

Ty = / (r'th —t'r¥) dS + / (r'f* = firkyay .
)% %
Transforming the first integral by the divergence theorem, one has:

/ (r't! —t'r?)dS = (r’akﬂ — rka”)n]— ds = / — (TZO'k] — rkaw) ay
av av v O/

o o — g oI Ootd
1] i,.] _ i _kj k_ij 7 k
/(w(rt —tr)dS—/V<(5]a —djo +T—8rj —r am)dv'

Taking into account the force equilibrium (7.8]) leads to:

Jik — / <0ki _ O_ik)dv ’
v
for every subdomain V), therefore one has at any point r:
okt = gtk (7.9)
As the choice of the Galilean coordinate system is arbitrary, this proves the moment

equilibrium equation (7). W
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7.2 Torsors

7.2.1 Continuum torsor

Thanks to Cauchy’s tetrahedron theorem [7.3] we built a linear tensor, the stress
tensor. At the previous Section, we used the resultant torsor of the body but without
discussing its tensor status. In fact, the torsors are affine tensors. For instance, the
torsor of a force F acting at point P is the skew-symmetric 2-contravariant affine
tensor:

jp=PF—-FQP, (7.10)

but, up to now, we was working only with its local representation in a given affine
frame f where, if r is the position of P and F is represented by the column F', the
torsor p is represented by the 4 x 4 skew-symmetric matrix:

(1 0\ [0 1)

=\ r F F)\r) 7
hence, using (I29), we recover (Z4) with M = r x F while the transformation law
[23]) of torsors is nothing else the one (I3.9]) of the 2-contravariant affine tensors.

Also, taking into account the decomposition in the affine frame of the point P and

the force vector: '
P=0+r*¢, F = F'é; ,

the relation (7ZI0) leads to the decomposition of the force torsor:
p=F (0O®&—-&®0)+(*F —rFheé, weé .
Similarly, let us construct the torsor of the stress vector:
dpes
as

Clearly, it is linearly depending on the covector m, that leads to consider a vector
valued torsor fi, called the stress torsor, such that:

(P,n)=P@tP,n)—t(P,n)o P .

n(jio(P)) = B2 (Pn)
Hence,
n(fic) =P®(c-n)—(c-n)®P. (7.11)

On this ground, it is worth to generalize the torsors in the following way.

Definition 7.5 A continuum torsor is a skew-symmetric 2-contravariant affine
tensor p with vector value:
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For what we are concerned now, the continuum is 3D and we denote the torsors fi.
In the affine frame (O, (€;)), its value is:

U = i(®,%) =i ((x,2), (v, ®)) € ,
U= |TY(x®; — x®;) + J" &, 8;| & ,

where T% and J*J = — JiJ are the components of the torsor. Taking into account
X = O(¥) and ®; = é;(P), it reads:

= pi'é =T (0xe-E00)+J"eE0E .

I(

Let (O', (€;)) be a new affine frame obtained from the old one through an affine

v

transformation @ = (k, P). Hence, the transformation law of the torsor is:

T = (Ph3 (P (7.12)

Jirst — (p—l) ( ) J 4 g {( )STU} {(ﬁ)—l);Tij} k/s} (15_1)§ (7.13)

with: &' = —P~'k.
Now, let us come back to the stress torsor. Taking into account the decomposi-
tion in the affine frame of the point P and the stress vector:

P=0+r"e, o-n=o"€n;,

the relation (Z.II]) leads to the decomposition of the stress torsor:

—

fio = f12.€;, Ll =0"(0®é & ®0)+ (rfe —righ)e, e .
hence, the components of the stress tensor are:
TV =g, JHi = ykgli —pighi | (7.14)

For the stress tensor, it is worth observing that (7.12]) is nothing else the trans-
formation law () of the stress tensors. Also, the J' components of fi, in the
affine frame (P, (€;)) vanish because r = 0 if P is the origin. In fact, this condition
caracterizes a stress torsor, according to the next theorem.

Theorem 7.6 A continuum torsor fi is a stress torsor if and only if the components
JY of i(P) in the affine frame (P, (€;)) vanish.

Proof. We just showed the condition is necessary. To proove it is also sufficient,
let us suppose J' = 0 for the representation of fi(P) in (P,(€;)). According to
the transformation laws (.12]) and (TI3]), the components of the continuum torsor
p(P) in (O, (€;)) are deduced from the ones in (P, (€;)) through a translation

k= S~1(OP) = r (thus the transformation matrix P is the identity):
T/ij — TZ‘], J/lij — ,,,,lTij _ Tile .
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We can put:
p=ilé, @W=TI0x®é-&xO0)+ TV 1T éwe, .
By straightforward calculations, we obtain:
n(ii) = P® (T -n) - (T-n)® P = n(jr) .

As the linear form n is arbitrary, the continuum torsor fi is the stress torsor firr. W

7.2.2 Cauchy’s continuum

At first glance, the local equilibrium equations (7.8) and (7.9]) are rather dissimilar.
Considering the concept of torsor, is it possible to reveal an underlying structure?
Considering the components of a continuum torsor g in the affine frame (O, (€;)),
we claim that its divergence is the scalar valued torsor:

div i = a;;;] (O®€é - ®0)+ 8;73] €r®E; . (7.15)
Also, let us define the torsor of the volume force:
d, = =
pp="00(P)=Po f(P)- f(P)a P
ﬁf:fi(0®€i—éi®0)—|—(rkfi—rifk)ék@)éi. (7.16)
Thus the equation:
div fiy +hp=0 (7.17)

allows to recover (8] and:

Oo'd : - OokI . .
k i\ k ik _ ki _
T<8r1+f> T(aﬂ.—i—f)—ka o 0,

which, owing to (8], is nothing else (7.9)).

The drawback of definition (7.I5]) of the torsor divergence is that it is not general
with respect to its status of affine tensor. In the spirit of Chapter [ we introduce
a covariant divergence of a continuum torsor fi, considering the components of
f(P) in the current affine frame (P, (€;)) (and not in (O, (€;))!). We work in steps:

e we calculate the divergence at P’ of the component system ji of i (P’) in the
affine frame (P, (€;)) where P is a neighbour point of P’,

e we consider its limit as P’ approaches P .
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Firstly, we express ji with respect to the component system i’ of 1 (P’) in the affine
frame (P’,(€;)) by considering a translation k" = v’ — r (hence the transformation
matrix P is the identity). Transformation laws (712]) and (7.13]) give:

T — T, JUI = Jtis g (Y (g T
Hence the components of the divergence of fi are:

ory 9Ty 9Jk g

li il
o "o o o T

Considering their limits as P’ approaches P:

8Jlij

. 0Ty .
Prp or'i

ity v L.
v,T _Pl’H—I>1P 577 V;J" =

)

since r’ approaches 7, T"J approaches T% and J'% approaches J'/, it holds:

9.J"
ord

- .. 9TY - - ) )
VT = o, Vg = + T T (7.18)

Then the covariant affine divergence of the torsor field g is:
divﬁ:@jT"j (P@é;i—é’i(@P)—F@jJ”jé’l@é;i . (7.19)

With this new definition, we can verify that the stress torsor and the volume force
torsor verify the local equilibrium equations in the form (7.I7)). Indeed, owing to
([@29), we have in the current affine frame (P, (€;)):

Besides, according to Theorem

Oo'd

557 (PRé —&oP)+(di—dhe e .

div i, =

In short, we introduce a general definition of a continuum torsor and its divergence as
affine tensor. Particularizing it to the stress torsors, we recover the local equilibrium
equation (7.6) and (7.7)) from the more compact Formula (.I7).

Definition 7.7 Continua of which the torsor is a stress torsor are called Cauchy’s
continua.

As consequence of equilibrium equations, the stress tensors of Cauchy’s media are
symmetric.

118



7.3 Invariants of the stress tensor

As the stress tensor o is represented in an orthonormal basis by a symmetric matrix
o, it is diagonalizable and its eigenvalues o1, 09, 03 are real numbers called principal
stresses. They are obtained by solving the characteristic equation:

det(a — )‘1R3) =0.

Owing to the transformation law (7.5]) of Euclidian stress tensors, this equation is
invariant under any orthogonal transformation R:

det(o’ — M\1gs) = det(RToR — ART 13 R) = det [RT(J — Mgs)R] ,
det(o’ — Mgs) = (det(R))? det(o — A 1gs) = det(o — X 1ps) .
As o is a 3 x 3 matrix, the characteristic equation reads:
det(o — Xgs) = =3 + 11(0)A% — 1a(e)A + 13(e) = 0,

where:
t1(0) =Tr(c) =01+ 02+ 03,

1o(o) = [(TT’(O‘))2 —Tr(c?)| = 0109 + 0903 + 0307 ,

N =

13(0) = det(0) = 010903 .

are called the principal invariants of . We denote:

(o) = (11(0),t2(0),t3(0)) .

As any function of invariants is also invariant, they allow to generate other systems
of invariants, for instance the one of the principal stresses.
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Chapter 8

Elasticity and elementary
theory of beams

8.1 Strains

In Subsection [£.3.T] we consider the currently met situations where the deformations
of materials are small. For a bulky body V, we would like generalize the Definition
([#25) of the extension of trusses. A particle of the body, initially at P, has position
P’ when the body is subjected to given external forces. We claim that the difference
PP, called displacement is a smooth vector field P — o (P).

A body which does not undergoes deformations is a rigid body (Definition [3.5]).
Its motion preserves material length and angles or, in other words, the metric tensor
G of which Gram’s matrix G is the identity in any Galilean coordinate system. To
characterize the small deformation, we hope to build a tensor field depending on the
displacement field and vanishing for every rigid motion. This suggests to study how
the covariant metric tensor is perturbated by a rigid motion. We are working in two
steps:

e Construct the curve ¢ — P’ = ¢,(P) solution of the ordinary differential
equation

SelP)) = R(@lP)) (5.1

with the initial condition ¢o(P) = P.

e Consider the pull-back of the metric tensor at P’ = ¢;(P) and compare it to
the metric at P, next divide by ¢ and calculate half the limit when ¢ approaches
Z€ero:

1. 11 .«
e:ilzmt_mZ [cptG—G} . (8.2)

As the metric tensor, this quantity is a symmetric 2-covariant tensor called the
strain tensor (but it is not a metric!). Now, let us determine it explicitly with
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respect to the displacement field. The question being local, we can work with a
Galilean coordinate system in which the solution of (8.]) is expanded as:

= @i(r) =r+tu(r) + O(t?) ,

where u, 7 and r’ are the columns gathering respectively the contravariant compo-
nents of the displacement @, the coordinates of P and P’ = ¢,(P). By differenti-
ation, the tangent map to ¢y is represented by the jacobean matrix:

or' ou

—=1 t— 4+ O(t?) .

or R+ or +0(t%)

The strain tensor € is represented by the symmetric 3 x 3 matrix :

1. 1 /or"\" <, 0 «
e = §l2mt_>0; [<E> G/——G

where G’ is Gram’s matrix at r’. Hence, one as:

1
€= lzmt_,o—

or or

0 0 N “
Gt 2y ( u> G — G+ 0
In a Galilean coordinate system, Gram’s matrix is constant, hence:
1 ou ou\T .
2[GE'<EJ 4
Going back to indicial notations gives:

1 /. ouF  OuF 1 (Ou; = Ou;
Ty (Gl’faa o G’“>:§ (aw*aw’ '
As the contravariant and covariant components of the displacement are identical,
this relation read in matrix notation:

1 |Ou ou\"
825 54‘ 5 :gTCLdS’U,.

We have to check this quantity vanishes for every rigid motion. Indeed, such a
motion ([B.26]) is compound of a translation and a rotation. Under the hypothesis
of small deformations, the rotation can be considered as infinitesimal hence of the
form (B:24]), that leads to the following modeling of the small rigid displacement
fields:

u(r) =j(dy)r +dc=dy x r+dc,

where di),dc € R? are independent of r. For such a field, the derivative is skew-
symmetric:

ou

o ()
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hence its symmetric gradient vanishes. In other words, the condition of vanishing
strain tensor is necessary for the motion to be rigid. It is also sufficient as Kirch-
hoff’s theorem claims it:

Theorem 8.1 If the domain V occupied by the body is connected, the displacement
field is rigid if and only if the strain field vanishes.

Proof. We just showed the condition is necessary. To proove it is also sufficient,
let us assume that the strain is null, then the derivative of the displacement is
skew-symmetric. There exists a field 7 — w(r) € R3 such that:

1 (Ou

Let us prove it is independent of r. Indeed, one has:
1curlu—l'_l Qu _ (Ou ' =w
2 —27 \ar " \or) )T

1
divw = 3 div (curlu) =0 .

hence:

On the other hand, one has:
curl (j(w)) = —curl ((j(w))T) = —curl (gradu) =0
thus: y
= curl (j(w)) + divw - 1zgs =0 .
The field is uniform. The body being connected, we obtain by integration:
u(r) = j(w) (r —ro) +u(ro) ,
that achieves the proof. B

The transformation law of 2-contravariant tensors gives:
ey = (PT),F] eij | (8.3)
which, according to (I3:2]), reads in matrix notations:
e =PTeP.

In particular, when working in Galilean coordinate systems, the transformation ma-
trix is a an orthogonal transformation and we obtain the transformation law of the
Euclidean strain tensors:

e =RTeR. (8.4)

As the strain tensor € is represented in an orthonormal basis by a symmetric matrix
€, it is diagonalizable and its eigenvalues €1, €9, €3 are real numbers called principal
strains. They can be deduced from the corresponding system u(¢) of principal
invariants.
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8.2 Internal work and power

Let us consider an arbitrary subdomain V of the body. According to Definition [7.1],
the elementary surface force acting at a point P of the boundary 9) upon V through

ds is: o
dF, = £ ds .

The elementary work provided by the force to produce a displacement o of point

P is: o
W, =dF, @ =1t -ddsS .

Using matrix notations and taking into account (7.2]) and (.7), one has:
AW, = tTudS = (on)TudS =nfoudsS .

According to Definition [.2] the elementary volume force acting at a point P of V
upon the volume element dV around P is:

dF, = fdv.

The elementary work provided by the force to produce a displacement d of point

P is:
AWy —dF, - @ = f-ddv = fTudv .

The total work provided by external forces is:

W = nTJudS—I—/fTudV.
[9)% %

Owing to the internal equilibrium equations (7.6)) and Green formula (I3.17)), one
has:

W = /v (div (o u) — (divo)u) dV .

Taking into account (I3.12]) and once again the symmetry (T.7)) of the stress tensor,

it holds: 5
W:/Tr (O‘—u> dV:/TT‘ (oce)dv .
% or %

Taking into account the continuity hypothesis, we can apply the mean value theorem
for integrals. Hence there exists a points P € V such that:

W=Tr (c(P)e(P)) V.

Considering a subdomain V around a point P and approaching the limit as the
volume of V approaches zero, P coalesce into P and the internal work by volume
unit is:

dW:limm—TT(as):azs.

%"t:W y—0 V B
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The elementary internal work by unit volume provided by o to increment the strains
of a quantity de is:
dTint = o 1 de .

In a similar way, if Y denotes the velocity of the point P, the elementary power
of the surface force acting at a point P of the boundary, is:

H
AP, =dF, o =€ -7 dS .
the elementary power of the volume force acting at a point P of V is:
APy —dF,- ¥ = F - dv.

By arguments analogous to the ones used for the work, we conclude that the internal
power by volume unit is:

Pint =Tr (U D) ) (85)

where we introduced the strain velocity:

11(0 o\’
D=3 [a_:+<a_:j> ]:gradsv. (8.6)

8.3 Linear elasticity

8.3.1 Hooke’s law

If the strains are small, many materials such as metals are elastic. We would like to
generalize to bulky bodies Hooke’s law [4.3] previously introduced for slender ones.
Thus we claim that the elastic behaviour of the material is modeled by a linear map
E mapping the 2-covariant strain tensor € onto the 2-contravariant stress tensor o:

o=E(). (8.7)

Hence, there exists a 4-contravariant elastic tensor C such that:

c=C:¢e. (8.8)
that reads with indicial notations:
o = UMy, (8.9)
or alternatively :
o=E), (8.10)

where E is a linear map from the space M35 of 3 x 3 matrices into itself. As

the stress and strain tensors are both symmetric, the components of the elasticity
tensor are subjected to the minor symmetries:

Cijkl — lekl — Cljlk
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Moreover, it is expected that the elastic behaviour is reversible in the following
sense. For any loop C in the space of strain tensors:

]éa:de:o, (8.11)
C

where o depends on & through (89]). In practice, this global condition is difficult to
verify for every loop. In order to find an equivalent local condition, we consider a
parallelogram of which the size approaches zero. Reasoning as in Subsection [3.3.2],
we obtain:

Vde, o, do :de—do:de =0, (8.12)

where o is given by (89]) and this condition is necessary and sufficient for (8.IT).
Using dummy indices, it reads:

doée;; — do™ deyy = (CIM — CMiT)deybe;; = 0 .

Because the infinitesimal variations de and de are arbitrary, the components of the
elasticity tensor are subjected to the major symmetries:

Cijkl — Cklzy

Taking into account the minor and major symmetries, among the 3* = 81 compo-
nents C*7*! there are only 6 (6 + 1)/2 = 21 independant ones.

One of the interesting features of the reversible behaviour is the existence of a
scalar reversible energy potential W generating the constitutive law, such that:

W(e) = W(eo) + /60' . de | (8.13)

€0

where g is any reference strain and the integration path from &y to € can be chosen
arbitrarily. Indeed, C; and Cs being to such paths, let us consider the loop C obtained
by concatenation of C; and Cy. If the sense of C is the same as C; and opposite to
the one of Co, one has:

jéa:de:/ U:de—/ o:de=0.
C C1 Co

By differentiating (813]), we recover the constitutive law:

U f— a—W
Qe
which reads in indicial notation:
o = .
861']'
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Of course, the potential is definite at an arbitrary constant W (eg) which is note
relevant for the constitutive law. Chosing €9 = 0, W(0) = 0 and the straight path
from 0 to e, the integration is straightforward for Hooke’s law (8.8]) and gives:

1
W(s)zasz(Czs),

or in indicial notations: !
W(E) = 5 Cijklé‘ij&‘kl .

8.3.2 Isotropic materials

It is worth to remark that the law (8I0) is the local representation in a given basis S
of the intrinsic elasticity law (8.7]). Latter on, we only consider the basis associated to
reference coordinate systems in which the distances and other mechanical quantities
are measured, the Galilean coordinate ones. Restricting us to orthonormal basis, we
are working now with Euclidean tensors. Let us introduce now the class of materials
with stronger symmetries:

Definition 8.2 A material is isotropic if the behaviour of the material is the same
in every Galilean coordinate system.

In other words, we have in any orthonormal basis S’:

As an orthonormal basis S is transformed into another one S’ through an orthogonal
transformation R = S~1S’ € O(3), according to the transformation laws (84]) and
(TH), the law is isotropic if:

Ve e M3y,  VRe€O(3), RTE(e)R=EFE(R':R). (8.14)

The general form of isotropic constitutive law of materials is given by Rivlin-
Ericksen representation theorem:

Theorem 8.3 The elasticity law is isotropic if and only the map E is of the form:

E(e) = Mo((€)) 1gs 4+ A1 (1(e)) & + Aa(e(e)) €2 . (8.15)

Proof. The Demonstration is decomposed into three steps.

e Step 1 : we prove that any matriz R which diagonalizes € also diagonalizes
E(e). As the matrix ¢ is symmetric, it is diagonalizable and its eigenvalues
g; are real numbers. Hence there exist an orthogonal transformation R =
(V1, Va, V3) such that:

RTe R = diag(ey, €2, ¢3) . (8.16)
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Without loss of generality, we may assume that R is a rotation (otherwise,
replace one of its column by its opposite). Besides, let us consider the mirror
symmetry with respect to the plan Oxoxs:

M, = diag(—1,1,1) ,

which is clearly an orthogonal transformation. The relation (8I6]) means that
for j = 1,2,3 the column V; of R is an eigenvector of € corresponding to the
eigenvalue ¢;. Hence we likewise have

(RM)Te (RM)) = diag(ey,e9,62) = RTe R .

since the effect of multiplying R by M on the right is to replace its first column
by its opposite. Owing to (8.14]), we have:

ME(RTE(e) R) My = (RM))TE(e) (RM,) = E(RM;) e (RM))
MEI(RTE(e)R)M, = E(RTeR) = RTE(e) R .

As a straighforward calculations shows, the effect to multiply the matrix
RTE(s) R by RT on the left and R on the right is to cancel the elements
of its first column (and first row) which are not on the diagonal. Next, we
repeat this reasoning with the mirror symmetry My with respect to the plan
Oxyx3 that has the effect of cancelling the elements of the second column (and
second row) of RTE(e) R which are not on the diagonal. Then the matrix
RTE(¢) R is diagonal. We just proved that any matrix R which diagonalizes
¢ also diagonalizes E(e).

Step 2 : we prove that the map E is necessarily of the form (813) where \;
are real-valued functions. Three cases must be distinguished. Assume first that
the matrix € has three distinct eigenvalues ¢;, with associated orthonomalized
eigenvectors V;. Then the two sets {le,e, 62} and {Vl Ve VRV V},V3T} span
the same subspace of the linear space Mggmm Indeed, we observe that:
Igs = VT + WV + vl
e=e ViV +eWVy +e3V3Vy
2 =2l + 2wVl + 2wVl

and that the van der Monde determinant

1 1 1
det €1 &3 €3
el € &3

does not vanish, since the three eigenvalues are assumed to be distinct. De-
noting by o; the eigenvalues of 0 = E(g), the result of Step 1 shows that we
can expand F(e) as:

E(e) = ViV + 0oVaVi + o3 V3V,
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and consequently also as:
E(e) = Ao(e) Igs + A1(e) € + Aa(e) e, (8.17)

where the components \;(g) are uniquely determined because the matrices 1gs,
¢ and €2 are linearly independents in this case.

Assume next the matrix € has a double eigenvalue, let say e9 = €3 # 1. Then
the two sets {1gs,e} and {V1V1T, VoV + V3V3T} span the same subspace of
the linear space M35 since in this case:

Igs = ViViE + (Vo Vil + VD), e=e ViV +ea(VaVil + V3V .

By a reasoning similar to the one of the first case, we prove that E(e) has also
a double eigenvalue and we have:

E(g) = Xo(e) 1gs + M(e) e . (8.18)

Assume finally that the matrix € has a triple eigenvalues. We likewize show
that E(e) has also a triple eigenvalue and we have:

E(e) = Mo(e) 1gs - (8.19)

it is worth noticing that (818 and (819) are particular case of (8I7) and we
can use it further as general expression.

Step 3 : we observe that the \; are invariant functions of €. Indeed, combin-
ing the isotropy condition (8.14) and the expansion formula (8.17)) gives:

E(RTe R) = R" [\o(R"e R) 1gs + M(RTe R)e + Mo(RTe R)€*] R

= RTE(e) R = R" [Mo(e) 1gs + M(e) e + Xa(e)e?] R

Hence, \;(RTe R) = \;(g) because of the uniqueness of the expansion of E(e)
in the spaces spanned by either sets {1gs,e,?} , {1gs,e} or {I1gs}, according
to which case is considered. Then the invariance of the \; is satisfied if they
depends on ¢ through the system () of principal invariants. l

We are in conditions to generalize Hooke’s law [4.3] in the sense that stresses are

proportional to corresponding deformations and the material is isotropic. Accord-
ing to the previous Theorem, the elastic law has the form (8I5]). The last term

containing the non linear factor

2 we cancel it by assuming Ao = 0. For the first

term being linear, Ao must be linear then depending on ¢ through the only linear
principal invariant ¢1(¢) = T'r(e). Finally, the second term containing the factor
€, A1 must be constant. A straightforward calculation shows that the reversibility
condition (8.12)) is fulfilled. Hence, we must assume:
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Law 8.4 There exist two material constants A, i called Lame’s coefficients such
that the isotropic linear elastic law or generalized Hooke’s law is reversible
and given by:

o=ATr(e)lgs +2pue . (8.20)

Of course, the relation ([820]) is only valid in Galilean coordinate systems. To
find the free coordinate version of this law, let us remark that it reads in tensorial
notations preserving the covariant and contravariant indices of € and o

o = X (0Mer) 69 + 2 6%y

As the contravariant metric tensors G~! is represented by the identity matrix in
Galilean coordinate systems, it is easy to guess the free coordinate form of Hooke’s
law using contracted products:

% %

c=\NG 1 e)G ' +2uG e G

8.3.3 [Elasticity problems
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Chapter 9

Dynamics of 3D continua and
elementary mechanics of fluids

9.1 Deformation and motion

Once again, we recover the extra dimension of time to work in the space-time with
the convention [T on indices.

Definition 9.1 A body which is not rigid is called o deformed body. the material
lengths and angles are mot in general preserved by its motion. The motion of a
deformed body is called a deformation.

We model the deformations in two steps:

¢ Construct the group of coordinate changes wich preserve the uniform straight
motions, the durations and the orientations of volumes (but not the distances,
angles and volumes!). We denote it GD and we call it the deformation
group.

O Determine the coordinate changes wich are admissible with G in the sense
that their Jacobian matrix belongs to GD.

& In the first step, we wish to characterized the most simple deformations, those
which are homogeneous, that is uniform on the body. It lies in the following theorem:

Theorem 9.2 The coordinate changes for which are invariant:

e the uniform straight motions,
e the durations,

e the orientations of volumes,
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are reqular affine maps of the following form:

dX = PdX' +C, (1:(;), P:(i 0F> (9.1)

where T € R, k € R3, v € R® and F is a matriz of GLL(3) such that:
det(F) >0, (9.2)
Their set is a group containing Galileo’s one.

Proof. It is the same as Theorem [[.TT] up to Formula (7). Taking into account
that oriented volumes are transformed as:

V' =det(F)V ,

their sign is preserved provided (0.2]). The verification of the group structure of
GD is straightforward. The Galilean transformations are particular deformations
for which F' is a rotation. B

O Next, we wish to determine the coordinate change X + X’ such that:

X 10
W_P_< F>GGD, (9.3)

This partial derivative system involves (4 x 4 = 16) equations for 4 unknowns (X¢).
It is overdeterminated and has generally no solutions, excepted if the equations
satisfy some compatibility conditions. We are faced to the same kind of problem
than in Subsection (excepted than the gravitation I' is replaced by ([9.3)). In
order to find the compatibility conditions, we consider a parallelogram of which the
size approaches zero. Reasoning likewise, we obtain:

vdx',6X',  SPdX —dPsX' =0, (9.4)

where P is given by ([@.3)). In the following theorem, we introduce the column:
/ t!
X' = < X > . (9.5)

Theorem 9.3 Any coordinate change X — X' of which the Jacobian matriz belongs
to G is compound of a smooth map:

r=opt,s), (9.6)

and a clock change:
t:t/-l-T() . (97)
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Proof. Differentiating (0.3)) provides:

I (0
OPdX" —dPoX" = < dvdt' —dvdt' + F ds' — dF 65’ ) ’

The compatibility condition §(dt’) — d(6t') = 0 is automatically fulfilled. Besides,
denoting dy F the infinesimal variation of F resulting from the variation ds’, one
gets:

or
ot
Owing to (I32I) and after simplification, the second condition of compatibility
reads:

SF ds' —dF 65’ = —(ds' 6t' — 0’ dt') + 6 F ds' — dg F s’ .

F
<% — %) (65" dt' — ds' 6t") + (curl FT)T (65" x ds') =0 .
The infinitesimal perturbations dX’ and §X’ being arbitrary, this condition is sat-

isfied if and only if:
ov OF

_ T _
@ = W, C'LLTZF =0. (98)
Under these conditions, the equation system (@.3]) can be integrated, let:
ot ot or or
@—1, @—O, @_Fa @_U' (99)

The integration of the two former equations leads to the clock change (@.7)). The
second equation is satisfied if and only if there exists an arbitrary column field
o(t',s") € R3 such that:
0
=2
0s’
Introducing this last relation into the first condition (O0.8]), one gets:

9 ([, 99\ _,
s \" v ) -

There exists an arbritrary column vy(#') € R? such that:

(9.10)

_ %

o (', s") +vo(t') .

v

Taking into account this last relation, (O.I0) and the two latter equations of (9.60I),
we obtain after integration:

r= Qp(tlv 8/) + QDO(t/) ’

where g is a primitive of ug. Without lost of generality, ¢y may be absorbed in ¢,
leading to (O.0). W
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Of course, the rigid motions (5.3]) are particular cases:
r=ot',s)=R({t)s +ro(t) .

For this reason, considering arbitrary deformations ¢, s’ will be called Lagrangean
or material coordinates, by opposition to Eulerian or spatial coordinates r.
People often choose ¢ such that:

s'=(0,5) ,

that allows to identify the Lagrangean coordinates with the initial position at ¢ = 0
but this choice is not compulsory. Without lost of generality, we can forget in the
sequel the change clock, putting 79 = 0 and identifying ¢ and t'.

On this ground, we whish to model the motion of 3D continua. Fixing s’ in (0.6]),
we claim the map ¢t — ¢(t,s") is the trajectory of the particle identified by s’ and
its velocity in the Eulerian representation is given by:

e
v = dt s'=Cte = 8t .

According to Theorem [0.2] the Jacobian matrix ([@.3]) is composed of a boost u = v
and a linear transformation F'. Because of the implicit function theorem and taking
into account (@.2) and (@.I0), there exists a map (¢,7) — s’ = k(t,r) such that
r = o(t, k(t,r)), at least locally. As s’ is constant along the trajectory, s’ = x(t,)
is an integral of the motion, thus in the Lagrangian representation:

ds' Ok Ok dr
, = — = — i p—
VSw T o o @ 0, (0-11)

or with simplified notations:

ds’_83’+8s’v_0
a ot  or 7
Introducing the 4-velocity vector represented by ([I2), it is worth to observe that

it reads: /
0s

U=0. 12

0X 0 (9-12)

More generally, we introduce:

Definition 9.4 For any (scalar or vector) field (t,r) — q (t,r), its material deriva-
tive or total derivative is:

dg 90 0q, 9
ot or 90X
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For that matter, it is interesting working directly in the space-time to model trans-
port phenomena such as flows or heat transfer. For any scalar field ¢, the corre-
sponding flux is represented by the 4-column ¢ U. If it is free divergence:

divy (qU) = % + div (gv) =0, (9.13)

q is conserved in the following sense. Integrating this relation on the volume V
between the dates tg and ¢; and using Green formula (I3.16)) leads to:

/qu |t:t1:/qu lt=ty — / / (v-n)dVdt .
% to oV

Hence the total quantity of ¢ on V at the final time #; is equal to the corresponding
quantity at the initial time ¢y minus the quantity of ¢ lost by transport at velocity
v through the boundary of V between these two dates.

Definition 9.5 The 3-column qv measuring the rate of flow of a scalar q by unit
area is called the flux of q. The corresponding space-time quantity is the 4-flux qU
of q. Condition [9.13) is the local expression of the balance of q.

9.2 Flash-back: Galilean tensors

Reminding some remarks already done in Section [I.3.4], the set of Galilean transfor-
mations is a group (even if the word ’group’ was not yet used). It is called Galileo’s
group and it is denoted GAL in the sequel. As subgroup of the affine group A f f(4),
Galileo’s group naturally acts onto the tensors by restriction their transformation
laws. The GAL-tensors are called Galilean tensors. In fact we already know
such tensors, for instance the 4-velocity U of which the components in Galilean
coordinate systems are modified according to the transformation law ([LII]) of a

vester o= (D) =(L8)(0)

which provides the velocity addition formula v = uw + Rv’. The 4-velocites are
Galilean vectors. By the way, it is worth noting the following result:

Theorem 9.6 Any non vanishing Galilean vector V is the 4-flux of ¢ = V¥ in any

Galilean coordinate system.

Proof. let V be represented in a Galilean coordinate system X by the 4-column:

v:<g),

where ¢ € R and w € R3. According to ([I5)), their transformation law (I2.21))
gives:
¢=q, w=R(w-qu). (9.14)
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Galilean transformations leave g invariant and there is no trouble to put ¢ instead
of ¢’ in the sequel. By a method similar to the one of Section B.I.1, we annihilate
w’ by choosing the Galilean boost u = w/q. Conversely, let us consider a Galilean
coordinate system X’ in which the vector V has a reduced form:

v=(1).

In the spirit of the boost method initiated in Section 312 let X be another Galilean
coordinate system obtained from X’ through a Galilean boost v. Then, V = qU,
that proves V is the 4-flux of ¢. B

If the 4-flux ¢ U is free covariant divergence:
Div (qU) =0,

Owing to (I3:32]) and (I3:29)), the reader can verify that the balance (@13 of ¢ is
satisfied for a Galilean gravitation (3.38]).

Let us pick up a Galilean coordinate system and let us consider a linear form
represented by the key-row:

e“=(1000). (9.15)

According to the transformation law (I2.25)), it is represented in any other Galilean
coordinate system by the same key-row. We denote e this Galilean linear form and
we call it the time arrow.

Likewise, let us consider a 2-contravariant linear tensor represented in a given
coordinate system by the matrix:

. < 8 (1)]R3 > . (9.16)

According to the transformation law (I3.3]), it is represented in any other Galilean
coordinate system by the same matrix and is denoted ~. It is worth to remark
that the contracted product of the two previous tensors, represented in a Galilean
coordinate system by egﬁo‘ﬁ vanishes:

e -v=0.
Also, let us consider an object G represented in any given Galilean coordinate

system by the matrix:
o —2¢ AT
e (7). o)

where ¢ € R and A € R? are the potentials of the Galilean gravitation. According to
their transformation law (6.16]), G is a Galilean symmetric 2-covariant linear tensor
because the transformation law (I3.2]) is satisfied.

136



a— Nevertheless, it is worth observing that G generally is not a metric
—particularly in the simplest situation where there is no gravitation— because it is
not necessarily nondegenerate.

a—y The gravitation itself, although represented by Christoffel’s symbols I‘fjﬁ,
is not a tensor but is a covariant differential of which the transformation law is
320

The study of the Dynamics of particles (Chapter B]) revealed an object called the
linear 4-momentum, represented in a Galilean coordinate system by the column T
gathering the components T¢. T being modified in a coordinate change according
to (B30), it is a vector. Now, have a look to the definition ([B37). We recognize
the definition (I3.26]) of the covariant differential of a vector field. Hence dT is
a nothing else as Vgx7'. It is not a simple change of notations unsofar as the
covariant differential was introduced in Chapter B] using heuristic arguments while
the definition of Annex [[3]is more rigorous and general. The advantage of the new
viewpoint offered by the Tensor Analysis is to write the physical laws in an intrinsic
form. For instance, the general equation of the motion provided by the law 311 is
recast in a coordinate-free style as:

VzT=H,

where T is the linear 4-momentum vector field and H is the vector field representing
the resultant of the other forces.

As the force torsor, the dynamical torsor p of a particle or a rigid body is a skew-
symmetric 2-contravariant affine tensor, the transformation law (34]) being nothing
else (I3.9). In the affine frame (X, (€,)), it is decomposed as:

p=TXo® €&y — €, @ Xo) +J¥E, @&5 .

When the transformation law is restricted to the Galilean transformations, it is a
Galilean affine tensor. We call it Galilean torsor. Before going further, let us spend
some time to calculate the covariant differential of a torsor considered as an affine
tensor. Using the rule (I3.:42)), one has:

Vs = dT(Xo® €y — €a ® Xo) + T (X0 ® Vg €0 — Vg €4 ® X0)
+T* (Vo X0 © €a — €4 @ Vg Xo) + dJ €, @ €
+J (V3 €4 ® €+ €4 ® V32 €5) .
(9.18)
Taking into account the infinitesimal motion of the basis vectors (I3.28]) and of the

origin (I3:39]), it holds:
Vg = dT(Xo® €, — €, ® Xo) + T4T (X0 @ €, — €, ® Xo)
HTOT (85 @ €y — €0 @ E3) +dT E, @ €5
+14J €, @ ég + TG0 €, © é,
(9.19)
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and, by renaming the dummy indices, we obtain:

@RH: @deB (Xo@éﬁ —éﬁ@Xo)—i-@dxjaﬁ éa®€ﬁ , (9.20)

with: .
VaxT? =d1? +T0T? (9.21)
VaxJ*? = dJjo? + 9P 4 T80 + T4T% — T°TY . (9.22)

In matrix form, the covariant differential of a torsor field is given by:
VaxT = dT +T(dX)T, ,

VaxJ = dJ +T(dX)J 4+ J (D(dX))T + Ta(dX)TT =T (Da(dX))T,

We recover in a more rigorous framework the covariant differential (5.42]) of the
dynamical torsor of a rigid body introduced in an heuristic way. Introducing the
resultant torsor of the other forces (i.e. different from the gravitation):

pr=HY (X ® €y — €, @ Xo) + G e, &5,

the generalized equation of rigid body motion given by the law [E.11] can be recast
in a coordinate-free style as:

@ﬁ p=p*.
In this regard, it is worth to recall that, according to Subsection (£.3.2] the map A

of Subsection [[3.5.3] was choosen as the identity. Thus putting A = 1ps in (I3.38)),
we recover (B.54]) in the form:

Tu(dX) = dX — VxC .
Coming back to tensor notations, (I3.41]) reads:

%5 =05 — VO . (9.23)

9.3 Dynamical torsor of a 3D continuum

We would like to define the dynamical torsor of a continuum. Imitating the model
of the Statics developped in the previous Chapter, we extend the notion of torsor in
a space-time framework under the form of a vector valued torsor, according to the
Definition In an affine frame (X, (€,)), it is decomposed as:

p,:,uﬁ/é’.y, /f/:Tﬁﬁ/(X()@é’g—é)g@Xo)—I-Jaﬁﬁ/é’a@é)ﬁ.

Let (X{,(€,)) be a new affine frame obtained from the old one through an affine
transformation a = (C, P). Hence, the transformation law of the torsor is:

T = (P~YG(P~H)T™Y (9.24)
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o = [(Phap g 4 o {(phgror ) - {(prhgr g e (g

(9.25)
with: ¢/ = —P~1C.
Next, let us calculate the covariant differential of the continuum:
@R H= @R (n'ey) = (@R w) ey +p (@R €;) -
Taking into account (I3:28]), we have:
@R = (@R pr+Iouk) €y

Calculating the first term of the right hand member is similar to the one ([@.20]) of the
scalar valued dynamical torsor (add indices « in (@.20), (@21I]) and ([©@.22])). Finally

we obtain:
@R n= [@deﬁ'y (Xo & éﬁ — éﬁ & Xo) + @dxjaﬁﬂy €a ® ég] é’Y ,

with: .
VaxT? = dT?" + T0T7 4 T)T%

Vax JP = dJoP7 + 19 JPPY 4 D8 jort 4 17 gofe 4 74T — 77T

It is worth to recall that coefficients I'J represent the gravitation, as discussed at

length in Chapter B devoted to the Dynamics. Hence, there exists a field V p of
1-covariant and 3-contravariant affine tensors such that:

?5(’ p= (V- X .
Using Christoffel’s symbols (I3.30) and additional symbols (I3.40]), one has:

V= |V,T? (Xo® &5 — €5 ® Xo) + V,J* €, 0 &3] € e,

with: 5
~ aT Y
VT = G IS, + 17,17
= 1af 0. o B B 7o aff a mp ay B
Vo201 = S T8, I 4 T, JO0 4+ T3,0°% £+ T4, 75 — 7T,

By contraction, we define the covariant divergence of the dynamical tensor of the
continuum:

Divp=V,T7 (Xg®é; — €3 @ Xo) + V,J* €, @ &5 . (9.26)

with:
VTP = e;z;v + I8 17 +17,T% (9.27)
V,J4 = an ;ﬁj +T9,JP07 4 T8 g7 4 T7, %% 4 T9 T — TT) . (9.28)
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At this stage, have a break to look back to the Static of 3D continua (just a
matter to erase the time dimension). In the absence of gravitation, Christoffel’s
symbols vanish and we recover the covariant affine divergence of the torsor field

given by (ZI8) and (Z.19)).

We are now able to generalize the local equation (ZI7) to the Dynamics of 3D
continua. Although there is a priori a degree of arbitrariness in this choice, we
adopt the biais to consider a generalized Cauchy medium, claiming that:

e There exists a field of vectors X — H (X) representing the resultant of other
forces (i.e. different from the gravitation) and its torsor is:

pg=XoHX)-HX)®X,

pg=H (Xo®és— €50 Xo) + G e, €5, (9.29)

with:
G = x*HP — HOXP | (9.30)

e There exists a field of linear 2-contravariant tensors X +— T'(X). The corre-
sponding vector valued torsor pr is such that for any covector IN:

N(ur)=X® (T -N)—(T-N)® X . (9.31)

e The motion of the 3D continuum is governed by the free-coordinate equation:

Divpr + pg =0 (9.32)

These assumptions are justified insofar as the predictions agree with a very wide
spectrum of experimental observations. We start with a straightforward result:

Theorem 9.7 A torsor satisfies (9.31) if and only if its components J** in the
affine frame (X, (€,)) vanish.

Proof. Using the transformation laws ([9.24) and ([@.28]), we argue by analogy with
the proof of Theorem |
Next, we consider the simple case where:

e we put C“ = 0 in (O0.23]), that amounts to restrict ourself to proper coordinate
systems (in the sense of Subsection [3.1.2])) where the elementary volum is at
rest,

e we are working in the affine frame (X, (€,)), then J*¥7 components of pr
and G*% components of ; Vvanish!
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Taking into account ([0.28)), the law ([@.32) leads to:

The — T8 =0, (9.33)

We leave it to the reader to verify that it is true in every affine frame, owing to the
transformation law (9.24]).

9.4 The stress-mass tensor

9.4.1 Transformation law and invariants

Decomposing ([@.31)) in an affine frame, we verify that:
JoP = XoTP — 7 XP

Hence the structure of the dynamical torsor of the continuum is fixed by the one
of the T*Y components of the 2-contravariant linear tensor T'. For sake of easiness,
they are gathered into a symmetric matrix 7. Their transformation law ([@24]) is
given in matrix form by (I3.3)):

=P TP T, (9.34)

Taking into account the structure of the space-time, 1" is decomposed by blocks:

T
r—(? P,
P —0«
where p is a scalar, p € R and o, € M35"™. From now on, we consider T as a
Galilean tensor by restriction of its transformation law to Galilean transformations.
Owing to their decomposition by block (LIH]), the transformation law (9.34]) itemizes
in:

P =p, (9.35)
P =R"(p—pu), (9.36)
o =R (o, +up” +pul —puu’)R . (9.37)

It is worth to observe that Galilean transformations preserve the component p and
there is no trouble to put p instead of p’ in the sequel. To find the other invariants
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of T, we follow the method applied in Section 311l to the dynamical torsor of a
particle. We discuss only the case that the invariant component p does not vanish.
Starting in any Galilean coordinate system X, we choose the Galilean boost:

P
U= —,

p
which annihilates p’ and reduces ([@Q.37)) to:

1
o. =RT <0’* + —ppT> R. (9.38)
p
This suggests to cast a glance to the matrix:
L7
o=0,+—-pp . (9.39)
p
Taking into account (Q.30), ([@.30) and (Q.37), we obtain its transformation law:

o =RToR. (9.40)

As the matrix o is symmetric, it is diagonalizable and its eigenvalues o1, 09, 03 are
real numbers and the missing invariants of T'.

9.4.2 Boost method

Conversely, let us consider a Galilean coordinate system in which the tensor field T'
at a given point of coordinates X’ has a reduced form:

) 0 0 0
s |0 - 0 0 _<p0 )
0 0 -0y O SN0 —o )
0 0 0 —03

where the diagonal matrix ¢’ containing the o; is the matrix ([@.39) in the coordinates
X'. In the spirit of the boost method initiated in Subsection B.I.2] we claim now
the elementary volume around the point 7’ is at rest at time t’. Let X be another
Galilean coordinate system obtained from X’ through a Galilean boost v combined
with a rotation R. Applying the inverse transformation law of (9.34]):

T=PT P, (9.41)

we obtain:
pP=pu, 0. =Ro'RT —pvol .

The boost method turns out the physical meaning of the components:

e by analogy with Subsection [B.1.2] the invariant quantity p is interpreted as the
mass per unit volume or density.
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e The quantity p, product of the density and the velocity, is the linear mo-
mentum (per unit volume).

e Eliminating the velocity v between the two previous relations and taking into
account ([0.40]), we recover ([0.39]). Besides, we recognize in (0.40]) the transfor-
mation law (5] of Euclidean stress tensors. Thus o can be identified to the

statical stresses, while:

o*zcr—pva,

are the dynamical stresses.
Definition 9.8 The stress-mass tensor T is structured into three components:

the density p,
the linear momentum p,

the dynamical stresses oy.
The invariants of the stress-mass tensor are:

the density p,

the principal stresses o1,09,03.

In matriz form, the stress-mass tensor reads:

T T
T — </’ p ) - ( P Pe ) . (9.42)
P —O0y pUv pvV —0O

Before going further, let us stop to have adapt the boost method according to
the motion of the particles modelized in Section Let us consider the coordinate
system X’ associated to the Lagrangian representation, given by (Q.5). It is not
generally Galilean. Because of (O.11]), the stress-mass tensor reads in the Lagrangian

representation :
/
T’ — < g (10, > , (9.43)

but the matrix ¢’ of material stresses is not in general diagonal. Applying the
inverse transformation law (9.34) with the boost u = v, we obtain:

p=p, p=pv, o.=0—pvv, (9.44)

where spatial stresses o in the Eulerian representation are related to the material
stresses according to:
o=Fo' FT. (9.45)
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9.5 Euler’s equations of motion

We claimed that the motion of 3D continua are (9.32]) which, taking into account
([@.26)) are structured into two groups:

V., TP+ H =0, V,J¥+G¥=0. (9.46)

The second group led to the symmetry conditions (0.33]) of the stress-mass tensor.
It remais to examine the consequences of the first group, owing to the structure
([O:42)) of the stress-mass tensor in Galilean coordinate systems which reads in tensor
notations:

T = ), T% = 790 = po, TV = 6% — poiol .

Excluding thrusts, we assume that the other forces (different from the gravitation)
are modeled by 4-column H of the form (B.75):

i=( )

where f is the volume force introduced by Definition (7.2]). In indicial notations, we
have:
H =0, HI = —f |

Besides, the gravitation being represented in a Galilean coordinate system by (B.38]),
the non vanishing Christoffel’s symbols are:

Yy =—¢’, r, =I,=Q, (9.47)

where Qfg is a simplified notation for the elements of the skew-symmetric matrix
J(£2) defined by (I2.8]). Taking into account (9.27)), the first group of (9.46)) reads:

o1P
oX7

Vv, T7 + HP = + T8 TP +12,7° + H® =0 . (9.48)

By putting 8 = 0 which corresponds the time coordinate, we obtain:

00 05 .
o o7 9 9 iy—y. (9.49)

V., T + g = . :
it ot + ori ot Ori

For the spatial coordinates, we put 8 = ¢ that gives, taking into account the vanish-
ing terms:
orv  9TY

o+ 5 T DooT™ + Do T + T T% — 1 =0 .

VT + H =

e, i 0. 9 ig o ij i i i
vV, T+ H :a(Pv)JFM(P’U’U]—UJ)—PQ +20 00" = f1 =0,
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or, after differentiation and rearrangement:

o' fop . 9, 5 ;ovt Dot - , _—
S i 9T g i _ 900 yk) |
P 5 [afraw(p”)}”“” 57 = g7 T Tl UY)
Taking into account (Q.51)) leads to:
o' Ot Dot , . .
J .= i 7 i _ 90 k ) )
P TPV 55 =57 T el B vY) (9.50)

In short, the first group of (9.46) is recast as (9.49) and (@.50) that can be formulated

in matrix notation as follows.
Law 9.9 The motion of a 8D continuum obeys FEuler’s equations:

{ balance of mass

dp .
- = 9.51
5 + div (pv) =0 (9.51)

O balance of linear momentum

ov  Ov o T
p [EJrEv]—(dzvff) +f+plg—2Qx0) (9.52)

That requires some comments:

e This formulation is consistent with Galileo’s principle of relativity [[L13]in the
sense that the form of these equations is the same in all the Galilean coordinate
systems. It is ensured particularly thanks to the last term in (9.52]).

¢ Comparing (Q.35), (@.36) and ([@.14]) shows that:

(1),

represents a Galilean vector N and, according to Theorem [0.0] it is the 4-flux
of mass density p:
N =pU .
Equation (@.5]]) means that this field is divergence free:
DivN =0,

Taking into account Definition of the material derivative and (I2Z.38)), it is
worth to observe also that it can read:

dp . _dp o
E—l—dw(pv)—dt—i—pdwv—o. (9.53)
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We wish to show it traduces the balance of mass. Let pp be the value of
the density at the date t = 0 of the particle identified by the Lagrangian
coordinates s’. Then, pg is a function of s’. As p is mass by unit volume, the
actual value at the date ¢ is

Po s’
= = pg det | — .54
P et 7~ 0% < or ) (9:54)

Next, we need the following proposition:

Lemma 9.10 For every motion, one has:

d [0s 0s’ v
o (E)JFWE_O‘ (9.55)

Proof. Let X be any uniform vector field on M and U be the 4-velocity.
Differentiating (9.12]) gives

/ / / /
i<a—s U> X =6 (8—3 U>:5 <8—8> U495 su—o

0X \0X 0X 0X 0X
0 , ds' oU 0 os' ds' oU B
“ax U+ g% ox N =ox <a—x 5X> U+ ax ax X =0
Consequently
d (0s 0 0s' os' oU
@ (a—X5X>—a—X (a?‘”") U="5x ax %
As 90X is uniform, one has
d (0 ds' oU
a@ <8_X> X ="7x ax %
As 0X is arbitrary, it holds
4 (os\_ o5 U
dt \oX) 90X 90X
or, in details
0 0
1 (a0 oy (o o)
dt ot or ot Or dv Jv
ot Or

that proves (@.55). W

Then, we prove the following proposition:
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Theorem 9.11 If py is a smooth function of ', then the density of mass

R s’
p=po (s) det <8r :

verifies the balance of mass (9.51]).

Proof. Differentiating (9.56]), one has
dp 0Op ds dp d [0s
L_ores e (J2E 2 (22
i o5 at ' \a@) @t \or
or, owing to (OI1)) and (I3:24)):
do_ g (O d (05
a " O0s' dt \ Or
Then, introducing (@.55) into (@.57), it holds

%:—pTT (grad v )= —p div v

that proves the balance of mass (O.51). W

(9.56)

(9.57)

¢ Applying Definition of the material derivative, Equation ([0.52)) is reduced

to:

d
pd—::(divJ)T+f—|—p(g—ZQ><v).

(9.58)

It clearly appears as representing the balance of linear momentum for a unit
volume because the product of the density of mass by the acceleration dv/dt
is equal to the sum of the gravitational forces, the other external forces f and

the internal forces given by the divergence of the static stresses.

Another relevant equation is the balance of energy, a simple consequence

of the

one of the linear momentum. By taking the scalar product of both members of

([@58)) by v, we have:

d
pd—j'UZ(div o)v+(f+pg) v,

the scalar triple product in the last term disapearing because v occurs twice in it.

Owing to (I3.12)) and the symmetry of o, we obtain the balance of energy:

pd (% uvu2) — div (ov) — Tr (oD) + (f + pg) v .
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where occurs the strain velocity (8.6]). This equation teach us that the time rate
of kinetic energy is balanced by the divergence of the stress transport cv, the
opposite of the internal power by volume unit, the power of the volume forces and
of the gravity.

9.6 Constitutive laws in Dynamics

A constitutive law is a relation describing the mechanical behaviour of a material
(solid or fluid). We already know the most simple of them, Hooke’s law, but there is
a very large spectrum of phenomenological behaviours that cannot be deduced from
simple axioms of the statics or dynamics of continua. Their accurate description
requires additional information resulting from experimental testing. Nevertheless, it
is possible to determine general conditions satisfied by them in order to be consistent
with Galileo’s principle of relativity.

If the strains are small, we claimed that for elastic bodies in Statics, the stress
tensor representing the internal forces is proportional to the strain tensor associated
to the motion of the continuum. In Dynamics, the stress tensor is generalized in
the form of the stress-mass tensor 1" while the motion of the continuum can be
described by s’ and 9s'/0X as explained at Section Forgeting provisionaly the
dependance with respect to s’, we would like to specify the conditions of consistency
of constitutive laws modeled by a map:

os’
().

Now, we present the principle of material indifference. The key idea is to have
a look to the Lagrangian representation.

Theorem 9.12 In the Lagrangian representation, the stress-mass tensor T’ depends
on 9s' /0X through right Cauchy strains C = FTF.

Proof. Let X be any Galilean coordinate system and X’ be the coordinate system
([@3) associated to the Lagrangian coordinates s’. According to Theorem [0.2] the
Jacobian matrix of the coordinate change X’ + X is a deformation:

o (1

o = P > €GD. (9.60)

For another Galilean coordinate system X, the the Jacobian matrix of the coordinate
change X’ — X is also deformation:

0X 10
W_<z7 F>€GD'
Then, one has: - -
0X _0X oxX
0X'  0X oX'’
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where the Jacobian matrix of the coordinate change X + X is a linear Galilean

tranformation: _
oxXx (10
0X' \u R ’

v=u+ R, F=RF. (9.61)

that provides:

As T’ are the components of the stress-mass tensor T in the coordinate system X’
associated to the Lagrangian coordinates s', it is preserved by any change X +— X
of Galilean coordinate system. Hence if there is some constitutive law:

g (95
-7 (5%)

the value 7" must depend on the variable ds’/0X through a quantity:

0s’
C_c<5?>,

invariant by Galilean transformations. In other word, we claim that:

0s’ 0s’ , [ 08 , (05
eGx)-<Go)y ~ 7GR}
There exists a unique map F/ = F’ /C from M35™™ into M}4™" such that:
F=Fc.

It reminds to guess the invariant C. As the variable ds’/0X is obtained by erasing
the first row in the inverse 0X’/0X of the Jacobian matrix (9.60):

s

X =
we wish to identify invariants of v and F', variables which are transformed under
Galilean transformations according to (Q.6I). As that was done at Section B.ITI
for the dynamical torsor, we intend annihilating some of them by suitable Galilean
transformations (because zeros are constant then obvious invariants). Starting in
any coordinate system X, we pick v = —R”v which annihilates . There is nothing
more to do because the rotation R obviously cannot annihilate F. We can verify
that C = FTF are invariant since:

(—F 1t F71), (9.62)

C=F'F=RF)(RF)=FI(RTR)F=FTF=C,

that achieves the proof. H
It is worth to notice that the matrix C' of right Cauchy strains is symmetric and,
owing to (0.2):
J = det(F) = +/det(C) .
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Recovering the variable ', owing to (0.43)), ([@.54]) and according to Theorem Q.1T],
the constitutive law in the Lagrangian representation reads:

I po(s)
V/det(C)
o =d(s,0). (9.63)

If the continuum is homogeneous, i.e. this material properties are the same at each

point, p' and ¢’ does not depends explicitly on s’. Otherwise, it is heterogeneous.
We can now come back to the Eulerian representation of the constitutive law

thanks to the transformation laws ([@.44]) and ([@.45]) of the stress-mass tensor:

po(s’) po(s) T

T — v/ det(C) v/ det(C)
- po(s’) po(s’) T _ (o T
N v W) VU Fo'(s',C)F
As example of such constitutive laws, we can quote the barotropic fluids of
which the material stresses read:

o' = —q(s,det(C))C71, (9.64)

where ¢ is a given scalar valued function representing the pressure. The corre-
sponding stress-mass tensor in Eulerian representation is:

_po(sh) _po(s) ol
- /et (0) \/det(C) . (9.65)

\/pse(:(é) v po\(/s L yoT + g (s, det(C)) 1gs

Owing to (I3:I3]), the balance of linear momentum reads for barotropic fluids:

d
pd—::—gmdq+f+p(g—2§2xv). (9.66)

If the time is fixed at a given date ¢, we can considered only spatial tensors. Arising
the time, Galileo’s group is reduced to the group of special Euclidean transformations
preserving the components of the covariant metric tensor G. The material stresses
0'" | gathered in the matrix o', are the components in the Lagrangian representation
of a 2-contravariant tensor o. On the other hand, Theorem showed that the
position of the body at time ¢ is given by a map:

o8 = r=gs) = (),

which is the local expression in given charts of a map ;. Its tangent map F is
represented in the coordinates s’ and r by the matrix . To find the free coordinate
version of the definition C' = FTF, let us remark that it reads in tensorial notations:

Cij = 5klﬂkF; .
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Thus right Cauchy strains are the components of a 2-covariant spatial tensor C
which is the pull-back by ¢; of the metric tensor G:

C=¢G

Omitting the dependance with respect to s’, we can therefore write the constitutive
law ([©.63) in a coordinate-free form:

oc=H(C). (9.67)

Having a look to the definition (8.2]) of the strain tensor suggests to express as usual
o with respect to C through:
B= [eid-¢]=[c-d
- 9 (iot - 9 )
called Euler-Lagrange strain tensor. In every Galilean coordinate system, Gram’s
matrix being the identity, it is represented by:
1

E=—-(C—1s) =

5 (FTF —1gs) . (9.68)

1
2
It gives a new version of the constitutive law (Q.67)):

o=H(E). (9.69)

9.7 Hyperelastic materials and barotropic fluids

Another example are the hyperelastic materials of which the behaviour is re-
versible. In Linear Elasticity (Section B3.1l), we formulated the reversibility con-
dition in terms of internal work by unit volume, that does not create difficulties
because the strains are very small and the volume is almost unchanged. On the
other hand, for fluids and solids exhibiting very large deformations, it is preferable
to relate the internal power to the mass to model the constitutive law and to for-
mulate the reversibility condition in term of specific internal work, that is of
internal work by mass unit P;,:/p. Hence we claim that for any loop in the space
of Euler-Lagrange strain tensors:

y{Tr <%, dE> =0, (9.70)

o =H(E),

where ¢’ is given by:

and p is also depending on E through C. Reasoning as in Subsection B.3.2] we
obtain the equivalent local condition:

/ !
VdE, §E, d<0—> :5E—5<0—> LdE =0,
P P
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As in Section R3] there exists a reversible energy potential e;,; generating the
constitutive law in terms of material stresses:

r_ 6eint
P oE

Moreover, differentiating (9.68]), one has dC' = 2dE and taking into account the
definition (I3:22]) of the derivative with respect to a matrix, one has:

o (9.71)

O€int

oC

Combining (@.45]) with ([@.71]) and ([@.72]) gives the constitutive law in terms of spatial
stresses:

o =2p (9.72)

aemt 8eint
OF oC

Let us show that barotropic fluids are particular cases of hyperelastic materials.

Indeed, let us chose a potential e;,,; depending on C' through J = det(F') = /det(C).
Applying the chain rule to calculate (9.72)):

demt 8J i
dJ 9(det(C)) oC

Taking into account (Q.54) and (I3.24) leads to:

o=pF FT =9pF FT . (9.73)

o =2p

(det(C)) .

deint -1

dJ ¢
which can be identified to (9.64) provided:

/
0 =po

deint
dJ

Let us come back now to the general case of hyperelastic materials. First of all,
let us remark that (9.55]) reads:

q4=—po (9.74)

d ov
—(FYy=-—r"1=—
dt (F) or’
that, owing to (I3.25]), leads to:
ov dF __,
T F .
or dt (9.75)
and:
a8 _ o
dt — Or

Hence, differentiating (0.68)) gives:

— 4+ F

F
dt dt ’

dat - 2.dt 2 -

dE_ldC’_l(dFT Td_F> 1
2

ov o\
T —_— —_—
E [ar * (m)
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or, introducing the strain velocity (8.0)):

dE  1dC
=5 =F'DF. (9.76)

Remenbering the dependence of e;,,; with respect to s’ and differentiating it provides:

deijnt  Oegpy ds’ <8€mt dE >

_ as o7
a "oy at P

oF dt
or, owing to (Q.I1)) and (Q.76):

p € t:pTT (86 tFTDF> =1Tr (,OFae tFTD> ,

dt OF oFE

that is, taking into account the expression (Q.73]) of the spatial stresses, the internal
power by volume unit (&5]):

deint
dt

=Tr (oD) , (9.77)

We are now able to transform the general expression of the balance of energy (9.59])
for the particular case of hyperelastic materials with zero volume forces f, that gives:

d (1 .

p— (= ||v|?) =div(ov) —Tr (D) +pg-v .
dt \ 2

Taking into account (O.77)) and expressiong the gravity in terms of the Galilean

gravitation potentials thanks to (G.I3):

d (1. e 9A
P <§ | vl —i—e,m) —dw(m})—p<grad¢+g> ‘v,

or: ;
2 . — y —_— .
p_t <_ | vl|* +¢+ ezm> = div (ov) +p < " " v> . (9.78)

Inspired by the Hamiltonian ([6.15]) of a particle subjected to a Galilean gravitation
and introducing the reversible energy potential, we define the Hamiltonian density
as:

1
H=p <§ | v ||2 +¢ + emt> . (9.79)
or H = pn after introducing for sake of easiness the specific Hamiltonian:
1 2
n=g vl +é+ein . (9.80)

Taking into account the balance of mass ([@.53]), we have:

dH d, . dy dp  (dy
dt—dt(pn)—pdtertn—p( ndivv |
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which, owing to Definition (9.4] of the material derivative, gives:

dy  dH OH oM

-z U = — + — di
P = ap T Pndive =y g vt Hdiv,
and, because of (I2.38)):
dn OH
L =" ; . .81
P = o + div (Hv) (9.81)

Introducing this expression into (0.78]), we obtain a new version of the balance of
energy dedicated to the hyperelastic materials and in particular to the barotropic
fluids:

oH . B
E—I—dw (H”_UU)—p<§_E'”> . (9.82)

For a time independent gravitation field, the right hand member vanishes.
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Chapter 10

More about Calculus of
Variations

10.1 Calculus of variation and tensors

Altough we have well progressed through the continuum mechanics, let us have a
backward look to the variational formulation of the particle dynamics presented in
Chapter [6] without apparent link with the tensors. Considering the 4-velocity U of
which the components in Galilean coordinate systems are:

o= (1),

and the Galilean symmetric 2-covariant linear tensor G represented by the matrix

_ (2
o= (3 )

expressed in terms of potentials of the Galilean gravitation, it is easy to see that
the Lagrangian (6.12]) of a particle moving within the Galilean gravitation field can
read using contracted products:

£:%ﬁ-G-ﬁ:%Ga5U“Uﬁ, (10.1)

where:
Gy =0ij,  Goi=Gin=4;,  Gop=-2¢. (10.2)

Euler-Lagrange equations (6.7]) read in indicial notations:

d(ocy oc_d(ocy oL
dt \ovi) ort  dt\oui) o0X'
where the Latin index ¢ runs only from 1 to 3. Applying them to the Lagrangian

(1010, one has:

d 0G
= e B - B a8 —
m(dt (GMU +GZ/3U> aXiU U> 0.
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Renaming the dummy indices in the former term and taking into account the sym-
metry of G, one has:

d oG
2.8 - B rraB) —
m<2dt (G,BU ) 8XiU U> 0.

Differentiating the first term gives:

: ) 1 «
m (G,ﬂUﬁ + UQ%Uﬁ _ = aG_ﬁ

arrB ) —
ax 2aXiUU> 0

Splitting the second term into two balanced ones and renaming dummy indices, we
obtain:

m (Gw(ﬂf + [aB, ] UaUﬁ) ~0. (10.3)

introducing the symbols:

1 (0G,s  0G,.  0Gag
Bipl =35 (aXa Toxe " axe )

which are obviously symmetric:
[pa, B] = [ap, B]

Using A; = 6;;47 and taking into account ([0.2]), the explicit calculation of these
symbols gives:

99 .90 oA S 09
[007 0] - at 9 [007 Z] - 8Ti + 8t 9 [OZ7 0] - aTi 9 (104)
1 (045 04 1[04 04
[027]] - 5 (8’” - 8r1> ) [2370] - 5 (87‘2 + 6r1> . (105)

Remarking that U° = 1, Euler-Lagrange equations in the form (I0.3)) is reduced to:

09  0A; N 0A; 04
ort ot /

777 ; C 1 TTI 0 a1 77T — Cd o 27
m (G,]U + [00, 4] + [07,¢] U? + [50,4] U > m <6,Jv +—+ 5 By
which reads in matrix notations:

m <®+grad¢+%—?+(curlA) ><v> =0

Taking into account (G.I3]), we recover once again the equation ([.46]) of motion:

mo=m(g—2Q xv).
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10.2 Action principle for the dynamics of continua

Our goal now is deducing the other conservation equations, namely the balance of
energy and linear momentum, from a variational principle. In the previous chapter,
the motion of the continuum is modelized through a field defined on the space-time:

(t,r) = s = k(t,r) .
So the equation of the trajectory of the particle identified by s’ is:
s =k(t,r) .

Its gradient 9s’/0X is given by (9.62)), then the relevant variable for the constitutive
law are:

e the velocity:

0s' or 0s'
R T T (106)
e the right Cauchy strains:
or\"* or
C=F'F= <@> R (10.7)

This suggests to consider a Lagrangian of this form:
L:R'XR3 xR S R:(X,5,2) — A=L(L,5,2) .

and the corresponding action principle:

n _ /8_3/ 4
o [s]-/ﬁﬁ (X,s,aX>dX

where the Lagrangian depends on the field s’ and its first derivatives, defined on a
bounded open subset € of the space-time R*. As we are only interested in what
follows by the variational equations in the interior of {2, we consider simple boundary
conditions with the value of s’ imposed on 9.

a— In order to obtain the conservation identities, we use a special form of the
calculus of variation [Comment 1]. The new viewpoint which consists in performing
variations not only on the field s’ and its derivatives but also on the variable X.
To explicit them, we consider a new parametrization given by a regular mapping
X =19 (Y) of class C! and perform the variation of the function v, the new variable
being Y. After calculating the variation of the action, we will consider the particular
case where the function ¢ is the identity of 2. Hence we start with

0s' Y 0X
T /e el 4
o [X,s] —/lﬁ <7‘(Y),s, > det < >dY
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where Q' = )71 (Q2) and the variables of the functional are now both X and s’. For
sake of easiness, we introduce the 3-row

oL
Fr=_2=
s’
the 4-row or
H ==
0X
and the 4 x 3 matrix
oL
P = 0s’
9 (5%)

The variation of the action reads

0s' Y , 0X

+L4 <det <g—;(>]d4Y(10.8)

First of all, we calculate the variation of the derivative of the field in terms of
the derivative of its variation

S (95N (2 Yo ooy
oy 0x) ~\9Y ) 9X oY oy
0s' Y o ,.,,0Y 9 9y 09 Y
(a—y a—X>—a—y< ) ox “ay ax av %) ax
Incidently, it is worth noting that when X =Y

os'’ o0 ., 0s 0
g <0_X> = ax %) " ax ax O

(10.9)

This formula shows that, unlike the usual rule used in the classical calculus of vari-
ation (see (6.4])), the derivative symbols 9/0X and ¢ may not be permuted in the
present approach. Next, owing to (I3.23]), one has

s (oo (2))=r (Lo (X)) aoso

Introducing the expressions [[0.9]and [[0.I0linto the variation of the action [[0.8] gives

- o, ox\ oy X ,

) (0X s’ 0 oX\ oYY, ,
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Taking into account (I2.7)) and introducing the 4 x 4 matrix:

/
T=r g—; — L g (10.12)

the variation of the action [[0.11] becomes

50[2// [Ty <adj (%’f) P%(&’)) _ det <g—§> (F 65 + H5X)

—Tr <adj <g—§> T aiy(aX) >] d'y (10.13)

Taking into account (I3.19]), we integrate by part in [0.I3} Taking into account the
fact that the values of s’ and X are imposed on the boundary, the surface integrals
vanish and we obtain

o= [ (= [y (a5 (25) #) ace (25 #]av
+ [dwy <adj <g—§> T) + det <g—§> H} 6X) d'Y

where the index of div indicates with respect of which variable we differentiate.
Finally, considering the particular case where X = Y, the variational principle
reads

da = / ( —[divx P + F]6s' + [divxT + H]6X) d*X =0
Q
The variation of s’ and X being arbitrary, we obtain the equations of variation

divy T+ H =0 (10.14)

The first equation leads to a non linear partial derivative system which can be used
to determine the unknown field s’. The last one gives extra conservation conditions
[Comment 2]|. In the next Section, we physically interprete it.

10.3 Explicit form of the variational equations

Now, we are interested in particular continuous media for which ones the Lagrangian
depends on the first partial derivatives of s’ through the velocity and configuration

0s’
L <X, S/, 8—X> =L (S/,U, C)
Its differential is or or
oL ="Tr <% (5C> + e v (10.15)
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Besides, differentiating the right Cauchy strains (I0.7) and taking into account

(I3:25):
5C = 6FTF + FT6F = —(FTs(F YT FTF + FTFS(F ) F) ,

Os Os
T
0C = <F 5(87“) C+C§<8r>F>’
and differentiating the velocity (L0.0):
oo s [(#NT] 0 or o\ _or (o0 or os or (od
N or ot 0s ot ) 0s or ) 0s ot 0s ot
0s’' 0s
5v—F <5<E> +5<at>>
next replacing both former expressions into [0.I5], one has
B L o (s oL EAN
oL ="Tr (80 F 5(87‘) C’) +Tr <% C’5<5> F)

oL 0s' oL 0s
O g (B) 40 g () w0t

By simple manipulations, taking into account the commutativity of the factors under
the trace symbol and the symmetry of C, then of 9L/JC, the first two terms of the
right hand side are equal to:

e ((r5eee (5)

Besides, the third term reads:

Thus, expression [10.16] reads

oL oL os’
st (2 2cnu 2 6) 5(2))

oL Os
—%m(at) (10.17)

On the other hand, introducing the 4-row



and the 3 x 3 matrix

(%)
we can express the differential of the Lagrangian as
s’ os'
o) srv (s(2) a0
Comparing [I0.17] and I0.18] leads to:
oL
P, = % F |
oL oL
P=-2F_—C—-v—F. 10.1
9C C—v 5 (10.19)

Inspired by the Lagrangian (6.12)) of a particle subjected to a Galilean gravitation
and introducing the reversible energy potential, we define the Lagrangian as:

L=Lv|P+pA-v—po—W (5,0).

1
L=p <§ lvl|?+A-v—¢— emt(s’,C)> (10.20)

where p is given by ([@.54]) and e;,; is the specific internal energy. The case of the
barotropic fluid can be easily obtained by considering that the reversible energy
potential W depends on the right Cauchy strains through det C'. The expression
can be factorized as

L (s'v,C)=p(s,C) L (s,v,0) (10.21)

where p is defined by 0561 Let us remark that applying (I3.24]) gives:

op P 1
oc 2 ¢
Thus, differentiating [0.21], one has
oL Op oL L oL
ac ~tactrae= 39 trae
Substituting this expression into [[0.19), it holds:
oL oL
P==-2F 520+ <£ lgs — v %> F (10.22)
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Besides, [0.I8] can be written in a more compact form

e (ro(3)
()

Besides, we introduce the generalized linear momentum represented by the 3-
column

with

m = grad,L = p(v+ A) (10.23)

and: ac )
Sl - 2 .

recovering the Hamiltonian density (@.79)). Finally, the 4 x 4 matrix [[0.12] can be
decomposed by block

os’ 0s’
P— — L P—
Yot Yor
T —
0s’ 0s'
P.— P— — L1
ot or £l
Next, we calculate each block of T. For instance, owing to [[0.22], one has
0s’ oL
PY =00
or 8ToTY ov

with the symmetric 3 x 3 matrix

8[/ T 8€int T
e PEc o
identified to the spatial stresses, according to (O.73)). Finally, the matrix is structured
as [Comment 3[:
H —nT
= < Hv—ov o—vrl > (10.25)

10.4 Balance equations of the continuum

Next, we show that the variational equation [I0.14] leads to the well known balance
of energy and momentum

Theorem 10.1 If T satisfied the equation of variation (10.17):
divy T+ H =0

then we have:
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& the balance of linear momentum: p v _ (divo) +p (g—2Q xv))

dt
Q the balance of energy: %—7: +div (Hv—ov) =p <% _ %_ftl -v>

Proof. { Balance of linear momentum. Owing to (I0.20), one has:

(oL acy 0A 99 0A 99
r=(5a) -l -5) o (" -w) o

We calculate the divergence of the matrix 7" using (I3.I1)). Calculating the diver-
gence of the last column of (I0.25]) and owing to 0314l (I0.14]) gives:

- %(p (v + A7) + div o — div (pv) (v + AT — poT grad (v + A) + g—f =0 (10.27)

or, expanding the first term:

9 r (9p . T . ' or
—p §(U+A) —<E—|—dw(m})> (v+ A —pv grad(v+A)—|—dw0+5_0

Taking into account (I0.26]) and Theorem [O.11] it holds:

T 0 0A 0A
—p <% —I—ngmdv> +dive —p <a—f + E) + pv” (E - gmdA> =0

By transposition, one has, owing to (I2.40) and (6.13):

ov  Ov . T . _
—p <E+Eu>+dzva+p(g+20 J(Q))—O

that leads to the balance of linear momentum <
dv
dt
O Balance of energy. Calculating the divergence of the first column of (I0.25]),

(I0.14) gives:

p— = (divo) +p (g—2Q xv) (10.28)

oH oL
E—Fdw (Hv—av)—FE—O

Taking into account (I0.20]), one obtains the balance of energy:

oH 0p 0A

E—Fdw (’HU—O'U):,O<E—E'U>

that achieves the proof. M

The attentive reader will observe that we recover —by a method enterely differ-
ent from the one of the previous chapter— the balance of linear momentum (©.58])
in absence of volume forces f and the balance of energy ((0.82])) for hyperelastic
materials.
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10.5 Comments for experts

[Comment 1] We perform a special form of the calculus of variation on the jet space

of order one.
[Comment 2| This conservation equation is obtained in the spirit of Noether’s

theorem.
[Comment 3] Matrix 7" is the analogous in Galilean mechanics of the energy-

momentum tensor in relativistic one.
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Chapter 11

Thermodynamics of continua

11.1 Introduction

Before addressing the thermodynamics of continua, background ideas of thermody-
namics are briefly recalled. Inspired by Carnot’s works, Clausius showed in 1865
that the ratio Qr/6, where Qg is the amount of heat absorbed in an isothermal and
reversible process by a thermodynamic system at the absolute temperature 6, is a
state function

Qr

S=- (11.1)

which he calls the entropy. In 1877, Boltzmann threw a new light on this abstract
physical quantity, by defining in statistical mechanics the entropy as proportional
to the logarithm of the number of microscopic configurations that result in the
macroscopic description of the system. To overcome the limitations of the previous
approaches originally based on the study of thermal engines, Caratheodory proposed
in 1908 an axiomatic approach. He considers reversible processes with varrying tem-
perature. While the elementary heat supply 6@ g is not integrable, the elementary
variation of entropy

dS = % 0Qr
so is. Then the difference of entropy between two states of the system A and B,
does not depends of the path to go from A to B

B
$(B)-8 ()= [ 7 oan
A

The first law of the thermodynamics, formalized through the heat-friction ex-
periments of Joule in 1843, claims that a thermodynamic system can store and hold
energy but that its total energy is conserved

dE; + dK = 6W + 6Q

where F;,; is the internal energy of the system, K is the kinetic one, 6W is the work
done by surroundings and dQ) is the element of heat absorbed by the system.
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Reversible processes are ideal concepts but, in realistic situations, a part of the
energy is lost or dissipated due to internal frictions producing heat. The second law
of thermodynamics, originally stated by Clausius, claims that, for the reversible and
irreversible processes, the total production of entropy is positive

0@ _0Qr Q1 _ o Q1 4

0 0 0 0
the equality being reached only for the reversible processes. In this formula, the sign
before §Q; is conventionally chosen because this irreversible heat is produced by the
system itself.

The previous concepts were initially introduced to describe the behavior of sys-
tems, independantly of the mechanics of continua, but this two topics can be married
in spirit of Truesdell’s ideas ([39]) and his school. The basic idea is to apply the
concepts of the thermodynamics to any volume element of a continuum to obtain
local versions of the two principles consistent with Galileo’s principle of relativity

I3l

11.2 An extra dimension

In order to do not introduce early too much complexity, we begin with modelizing
the thermodynamics in situations where the gravitation can be neglected. For a
particle in uniform straight motion, classical integrals of the motion —mass, linear
and angular momenta— were revealed as components of the dynamical torsor (Law
B4) but there is an noticeable absent one, the kinetic energy:

1
e=gm vl . (11.2)
The difficulty to recover it is deep and overcoming it needs a strong change of
viewpoint. The cornerstone idea is to add to the space-time an extra dimension
roughtly speaking linked to the energy by a three step method that we shall be
going to present in an heuristic way:

e As we are concerned with the uniform straight motion, we do not consider
provisionally the gravitation. We start with a fictitious 5-dimensional affine
space u containing the space-time Y. We claim that any point X of U can be
represented in some suitable coordinate systems by a column:

X:<X>GR5,
z

in such way that the space-time is identified to the subspace Xt=z2=00ofUU
and X gathers Galilean coordinates.
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e We wish to build a group of affine transformations dX'+— dX = PdX'+C of
RS such that, when acting on the space-time only, are Galilean ones. Clearly,
the 5 x 5 matrix P is structured as:

- P 0
P=(w )
where the 4-row ® and the scalar o have to take an appropriate physical

meaning.

e It is worth to notice that under a Galilean coordinate change X’ — X char-
acterized by a boost v and a rotation R, using the velocity addition formula
[LI3] its transformation law is:

1 1 1
e=gm | w+ RV ||*= 3 | wl|® +mu- (RvV) + 3 | o % .
Next we claim that the extra coordinate is linked to the energy as follows:
dz = < at . (11.3)
m

The division by m is guided by the fact that we wish the extra coordinate
being universal, independent of the mass of particle moving in the space-time.
According to dt = dt’ and dr’ = v/dt’, we obtain:

1
dz = 5 | w | dt’ +u" Rdr' +dz' .

On this ground, we state:

Definition 11.1 The Bargmannian transformations are affine transformations
dX'+— dX = PdX' + C of R® such that.

A

0
P= R
lulf w'R

(11.4)

e i
— o O

It is straightforward to verfy that the set of the Bargmannian transformations is a
subgroup of Aff(5) called Bargmann’s group and denoted B in the sequel. In
particular, the inverse of (IT.4]) is:

A 1 0 0
Pt=| —-R™w RT o0 |. (11.5)
g lull? =™ 1

Definition 11.2 The coordinate systems on;{, which are deduced one from the other
by Bargmanian transformations are called Bargmannian coordinate systems.
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In Theorem [[.11] we define Galilean transformations as preserving some objects
—uniform straight motions, durations, distances and angles, oriented volumes— but
what Bargmannian transformations preserve? Combining (I1.2)) and (IT.3]) leads to:

| dr||? —2dzdt =0,

in every Bargmannian coordinate system. The left hand member is a quadratic form
in dX then represents a symmetric 2-covariant tensor G of which Gram’s matrix in
Bargmannian coordinate systems is:

) 00 1
G=1|0 1g 0
10 0

As it is nondegenerate, G is a covariant metric tensor. It is easy to verify that:
é2 = 1R5 5

that proves the contravariant metric tensor G~! is represented by the same matrix
as the covariant one:

A ~

Gl=aG.

11.3 Temperature vector and friction tensor

As subgroup of the affine group Aff(5), Bargmann’s group naturally acts onto
the tensors by restriction of their transformation laws. The B-tensors are called

Bargmannian tensors. To begin with, let us study the Bargmannian vectors 1774
represented by a 5-column

W:(‘?): »i : (11.6)

where W € R* w € R? and 3,¢ € R. According to ([LH), their transformation law

(I220) gives:
F=p, w=Rw-pu), =C-wutd ul®

Bargmannian transformations leave (8 invariant and there is no trouble to put
instead of 3 in the sequel. By a method similar to the one of Section B.I.1] we

search the other invariants of W in the case that B does not vanish. Starting in any
Bargmannian coordinate system X and we choose the Galilean boost:



which annihilates w’ and reduces the last component to the generally non vanishing
expression:

1
(=C-wu—=— |w|?,

2p

Conversely, let us consider a Bargmannian coordinate system X' in which the vector

W has a reduced form:

) B
W' = 0
gint

In the spirit of the boost method initiated in Section B.1.2] we claim now the con-
sidered elementary volume is at rest. Let X be another Galilean coordinate system
obtained from X’ through a Galilean boost v. Applying the inverse transformation
law of (IT5]) with a Galilean boost v, we obtain:

A g
W = Bv
Gint + 5 10 |12
As w = B o, the last components becomes
€= G+ 55 w0 P (11.7)
= Gint 23 w .

It is worth noting that under Bargmannian transformations, there is a unique in-
variant generator, the first component . It is independent of the coordinate system
and, for reasons that will appear latter, we claim that:

Definition 11.3 when 8 = 1/80 is the reciprocal temperature, W is called the
temperature vector.

Let us observe also that:
W =pgU .

The temperature 4-vector W is decomposed by block as:

v (2)

Definition 11.4 The friction tensor is the 1-covariant and 1-contravariant mized
tensor:

f=VW
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As the gravitation is provisionally neglected and is represented by Christoffel’s
symbols Fgﬁ, we assume for the moment these latter ones vanish. Taking into
account(I3:29)), it is represented in a Galilean coordinate system by the 4 x 4 matrix

o5 908
ot oOr
Foww =W _ (11.8)
| aw ow
ot Or

11.4 Momentum tensors and first principle

Definition 11.5 A momentum tensor is a 1-covariant tensor T' on the 5-dimensional
space U with vector wvalues in the space-time U such that it is represented in a
bargmannian coordinate system by a 4 X 5 matriz structured as follows:

T:<7Z —»" p> , (11.9)

Ox P

where H € R, p, k € R and o, € M35™™.
In indicial notation, the components of T' are:
0=H, T0=-0upt, T{=p,
=K, T/=ol, T{=p.
According to ([I34), the transformation law of T is:

A

T'=pP TP, (11.10)

itemizes in the already known relations (0.35]), (@.36) and (@.37):

f=p, (11.11)
P =R"(p—pu), (11.12)
ot =RY (o, + up” +pu’ —puu) R, (11.13)
completed by two extra rules:
H’:%—u-p+guuu2, (11.14)
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1
kK =RT(k—Hu+ o+ 5 Il ul?p) . (11.15)

It is worth noting that the hypothesis of symmetry of o, is consistent with the rule
(ITI3). The components p, p and o, can be physically identified with the mass
density, the linear momentum and the dynamical stresses. To interpret the other
components, we intend to annihilate components of T. As usual, we discuss only
the case of non zero mass density. Starting in any Bargmannian coordinate system
X , we choose the Galilean boost:

b
U=—-,
p
which annihilates p/, reduces (ILI3]) to ([@38) and transforms (IT.I4)) and (II.I5)

as follows: )
! - 2

K =R" (k—%2—9+a*3> .
p p
The components H' and k' obviously cannot be annihilated by a convenient choice
of a rotation R. At the very most, we could diagonalize the symmetric matrix o, but
it not useful now. Next, we use the boost method of Section Let us consider
a Bargmannian coordinate system in which the tensor field 1" at a given point of
coordinates X’ has a reduced form:

5 peine 0 p
T_< B o 0>’

for an elementary volume around the point r’ at rest at time #’. Let X be an-
other Bargmannian coordinate system obtained from X’ through a Galilean boost
v combined with a rotation R. Applying the inverse transformation law of (I1.10):

T=PT'P", (11.16)
we obtain:
p=pv, ox=0—povl,
1 2
H=r(5 v " +eint | (11.17)
kE=h+Hv—ov, (11.18)

according to the transformation law (9.40]) of the spatial stresses o and provided:
h=RHN . (11.19)

The boost method turns out the physical meaning of the components:
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e the quantities already identified in Section [0.4.2] the mass density p and the
dynamic stresses oy,

e the Hamiltonian density H defined by (@.79), apart from the potential ¢ (the
gravitation being considered only latter),

e and the energy flux k composed of h —further identified to the heat flux—,
the hamiltonian flux Hv and the stress flux ov.

We could name 7' the stress-mass-energy-momentum tensor but for briefness we call
it momentum tensor. Finally, it has the form

- H " p
T_<h—|—7-lv—av o—uwp’ pv> (11.20)

In the last column of (I1.20]), we spot the 4-flux of mass :
N=pU (11.21)

Therefore, we can write
T=(T N) (11.22)
with
T = 7t '
"\ h+Hv—0ov o—uvpT
In fact, it is more convenient to express the momentum tensor as (I1.20]), accounting
for the following proposition.

Theorem 11.6 The expression (I120) of the momentum tensor is standard pro-
vided o and h are changing according respectively to the rules [9-40) and (I1.13).

Proof Matrix (IL20) can be recasted as

H T p
T = (11.23)
1
htHL ol o—~ppl p
p p p

Owing to (IT.I1), (9:40) and (IT.12]), one has
1 1
o, =o' — p p " =R"oRT - ;RT(p —pu)(p" —pu" )R,
and developping:
1

ai:RT(J—;ppT—l—upT+puT—puuT)R,
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which, owing to (@.39]), is nothing else the tensorial rule (IT.13)).
In a similar way, taking into account (ITI1), (IT.19)), (9.40]) and (IT12), it holds:

!/

P P H 1
H=n+H=-0==R'h+—R'(p—pu)—= R'o(p—pu) .
p p p p
Taking into account (ILI4]) gives:
y:fﬂh+<%—u-p+guuw)fﬂ2+%7?u—Rﬁyﬂ+Rﬁnh
p p

and with some arrangements:
1 1
W= R [ ol gt (o= Lo o) s S ul ]
p p p 2

which, owing to (ITIR)) and (@.39), is nothing else the tensorial rule (ILI5). M
The advantage of the standard form (I1.20]) is that transformation laws (9.40])
and (IT19) for o and h are easier to manipulate that the corresponding transfor-

mation laws (ITI3]) and (ITI5) for o, and k.

Also, introducing:

I=(H —p"), (11.24)
it is worth noting that the momentum (IT.20]) can be recast as:
0 0
T_UH+<h_m) U>. (11.25)

Owing to (IL8]), (IL25) and the symmetry of o leads to:

)i 1/ 0B T
Tr(Tf)—Ha—XU+T7‘ (O‘ (gradsw—§<v5+gmdﬁv >>>+h grad [3 .
(11.26)

The first principle of thermodynamics claims that the total energy of a system
is conserved. We are now able to proposed an enhanced local version including the
balance of mass and the equation of the motion (balance of linear momentum). It
is based on the following result.

Theorem 11.7 IfT is divergence free:

divy T =0,
then, we have:
ap )
& balance of mass: o + div (pv) =0,
. ov v , T
Q balance of linear momentum: p Fn + 7Y = (div o),
r
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& balance of energy: 88—7: +div (h+Hv—0v)=0.

Proof. To calculate the divergence of the 4 x 5 matrix T', we use (I3.18) and some
simple transformations already done to establish Euler’s equations of motion (Law
[0.9) and that will not be repeted here. B

Leaving provisionnally the volume force f and the gravitation aside to compare,
it can be observed that these three balance equations were previously found but by
distinc ways:

e In Section [0.5] we obtained directly the two former conditions starting from
the study of the dynamical torsor of a 3D medium. The balance of energy was
further deduced from them.

e In Section [0.4] the balance of mass was a priori assumed and the two latter
equations were recovered by a variational principle.

In the thermodynamic framework, the three balance equations are together obtained
thanks to the extra fifth dimension. On this ground and envolving the gravitation,
we state the first principle of the thermodynamics:

Principle 11.8 The momentum tensor of a continuum is covariant divergence free:

DivT =0 . (11.27)

The covariant form of equation makes it consistent with Galileo’s principle of
relativity [L13l The principle is general in the sense that it is valid for both reversible
and dissipative continua. We are going now to describe successively these two kinds
of media.

11.5 Reversible processes and thermodynamical poten-
tials

To model the reversible processes, we need a new hypothesis inspired from the
concept of potential as developped in Section 0.7, claiming that:

e These phenomena can be represented thanks to a scalar function ( of the
particle ', its first partial derivative ds’/0X and the temperature vector W,
called Plank’s potential.

e According to the principle of material indifference [0.12] ¢ depends on 9s'/0X
through right Cauchy strains C = FTF.
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On this ground, we prove the following proposition.

Theorem 11.9 AIfC 18 a smooth function of s, C' and W, then there exists a mo-
mentum tensor Tgr defined by

Tp=U Ilg + < 0 0 > (11.28)
—ORUV OR
with o
IIp = —p — 11.29
R= =P 505 ( )
oC
= — F — F . 11.
OR = ﬂ 50 (11.30)
such that
& Tr <TRVW) =
QQ TR U - — <—I§/ >
' TR = ( Tr ) represents a momentum tensor TR

J.TRVT/:<C—ﬁ W> N

Proof. Taking into account (I1.6)), (IT.8]) and (IL.22]), condition ¢ reads:

(VO N = ~Tr (Trf) , (11.31)
or, in absence of gravitation:
0¢
X N =-Tr (Trf) (11.32)
On the other hand, owing to (IT.21), one has:
¢ 0 0 © dC
ox VTP G T VTG
As ¢ depends on X through s’, C and W, one has:
¢ o¢ ds'  9¢C dW ¢ dC
ax V= <@ a Tow @t 1" \ac a)) (11.33)

Owing to (@.I1l), the first term of the right hand side vanishes. Taking into account
(I129), the second term is:

8( aw p ow

8W 7 X U. (11.34)
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Next, we have to transform the last term of (I1.33]). Because of (9.76]) and (I1.30]),
one has:

Tr <§_é %) T <2pF % FTD) — Tr (orBD) = Tr (orBgrad, )

that, taking into account (I2.35]), leads to:

T (g_é %) _ 7 <aR (grads wog <v %+ grad ﬁvT>>> . (11.35)

Introducing the expressions (I1.34]) and (I1.35)) into (IT.33]) gives (IT.32]) and proves
&, owing to (I1.26]). Moreover, owing to (IL.28]) and (I1.29)), it holds

TRU:UHRU+< o0 > <1> =z U) U=—p <ﬁU> U

—ORV OR v ow
that proves ©. Statement # results of the fact that (IL28]) has the standard form
(II25). Consequently, taking into account (I1.6]) and (I1.22]), one has

s=mwren=p (-5 v) v (c- 2 w)

and & is satisfied. W

Planck’s potential € is a prototype of scalar functions called thermodynamical
potentials and derived as follows:

e Comparing (IL2A), (I128) and ([II29) allows writing Iz = ( Hr —p )

with:
Hr = — s = p grady, (11.36)
R — p 667 p - p g w . .
Taking into account (L), it holds:
o aCznt P 2

which allows recovering (IT.I7]) because w = v and provided:

Ciy = — aCznt
wnt 8ﬁ .

(11.37)

This potential, called internal energy (by unit volume), is function of ', C
and W as derivative of (.
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e According to Theorem [0.6] the 4-vector § = T W is a 4-flux that reads for
convenience:

S=psU=sN

represented by a 4-column:
S=Tr W . (11.38)

Then, setting S = s N and taking into account & of Theorem [[1.9] one has:

_ 8{ 8{ _ i 2 agznt
s—C—% _%M—Cznt+25 | w <

that leads to:

T

1

8Cint
op

S:Qnt_ﬂ

This quantity is called specific entropy and S is its 4-flux. Hence, —s appears
as Legendre’s transform (I2.37) of (;,: with respect to 8. The latter equation
and (I1.37) are called state equations of the continuum.

e Moreover, we introduce a new potential called Helmholtz free energy (by
unit volume):

1
Cint =—0 Cint . (1139)

Y=75

By simple calculations, we obtain:

M
90

N

00

Hence, —e;,; appears as Legendre’s transform of the function ¢ (s',C,0) with
respect to 6. It is a function of s/, C and —s such that

— e = 0 = (11.40)

—8 =

O€int

o= s

Finally, we can find a nice integral of the motion:

Theorem 11.10 For reversible processes, the 4-flux S is divergence free and the
specific entropy s is an integral of the motion.
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Proof. Taking into account (I1.38)) and (I3.19), it holds:

A L OW
divS = (divITp)W+Tr | Thr——~— | .
iv (divTR) +T<RaX)
The momentum tensor Tx satisfies condition ¢ of Theorem II.9 and, according
to the first principle (Law [IT.27]), it is divergence free. Then the 4-flux of specific
entropy S vanishes and one has, owing to (12.38]):
0s

divS:div(sN)—a—XN+sdwN—0

But, as seen in Theorem [I1.7] the freeness of the divergence implies the balance
of mass. As discussed at Section [@5] this condition means the flux of mass N is
divergence free and the last term of the previous equation vanishes. Then, because
of the definition of the material derivative, one has:

Os Os ds
divS=—-——=N U= P =

ax ) TP ax 0,

that achieves the proof. B

11.6 Dissipative continuum and heat transfer equation

In Section [[T.4], we showed that the thermodynamical behaviour of a continuum
is modeled by the momentum tensor T. By Theorem |[] we prove that Tg is a
momentum tensor. We define T = T-T R, that amounts to introduce an additive
decomposition of the momentum tensor

T=Tg+T; (11.41)

into a reversible part Tp defined by theorem [I1.9] and an irreversible part T; of
which we will examine now the detailed representations. Owing to (I1.36]) , the
momentum tensor Tx given by (I1.28)]) is represented by

7o Hr —pT p
R Hrv —orv op —upl  pv

Substracting the previous matrix to (I0.25]) leads to

A Hr 0 O
TI_<h—|—H]U—O']’U or 0> (11.42)

where:

e the hamiltonian density H; = H — Hpg is the opposite of the irreversible
heat source (by unit volume),
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e The column h is the heat flux.

e The symmetric 3 X 3 matrix oy = 0 — o represents dissipative stresses (for
instance due to viscous effects).

The tensorial rule (I1.14l)and (9.40) give:
Hy=Hi (11.43)

oy =Ro; RT (11.44)

Introducing also for convenience the specific irreversible heat source ¢; such
that
Hi = —pqr (11.45)

we have H = pn where the definition (9.80) of the specific Hamiltonian must be
modified for the additive decomposition (IL.4I]) and no gravitation (¢ = 0):

1
77:§|’UH2+eint_QI-

Taking into account (O.81]) and (I3.12]), the balance energy (# of Theorem [T1.7))
reads: 4 9

pd—Z +divh — (dive)v —Tr (8_:> =0,
Taking into account the symmetry of o, the definition (8.0)) of the strain velocity D
and the balance of linear momentum (O of Theorem [IT.7), the balance of energy

becomes:

dqr

deint _ Tr (6 D) —div h+p gl (11.46)

dt
With respect to the corresponding formula (Q.77)) for the reversible processes, the
dissipative case exhibits the two extra terms due to the heat flux and the irreversible
energy source.
A cornerstone consequence of is the heat transfer equation. By differentiation of
(II40) and well known calculations, we have:

dewe _ (dY dOOY ,d [0V
P=ar P \at “atoo @t \oe)) -

Taking into account ¢ = ¢ (¢',C, 6) and ds’/dt = 0, one has:

deins 924 df o 0 [ov\) dC

On the other hand, owing to (IL7) and (IT.39), one has

K _ 500
ac ~ " ac
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Hence, (I1.30) becomes

B N
and consequently:
80'R - T
O-R_HW—_2/)FBF s
where: - 5 -

On the other hand, calculating as in the proof of Theorem I1.9] one has, for any
3 x 3 symmetric matrix B

dC 2p
p Tr <B E) =-5 Ir (FBFTA)

where A is defined by

A:gmdsw—1<v %—FgmdﬁvT) .
2 or
Applying this relation to B given by (IL48]) leads to
dC 1 OoR
T B—|)==T -0 —— A . 11.4
o (#5) =50 (e 5r)a)
Besides, one has:
ow 0 ov 0B
o "o B =BGty
Hence, expression A becomes:
A= fgradsv=03D . (11.50)

Introducing (IT50]) into (IT.49]) and this last expression into (I1.47) gives

demt . de 8O'R
n ——ch%—FTT <<UR—9 W) D> .

where:

ds 0 0%

20— 002

is the heat capacity at constant volume. Combining with the form (I1.46€) of
the balance of energy leads to the equation of heat transfer:

cy =0

de Jogr . dqr
—pcy— =0T —D T D) — — . 11.51
peo 0 T<89 >+ r (o7 D) —div h+p o (11.51)

The physical interpretation of this equation is that the variation of reversible
thermal energy, at the left hand member, is equal, at the right hand member, to the
contributions of each term to the dissipation due to:
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e the reversible stress variation resulting from the temperature one,
e the power of dissipation of the dissipative stresses,

e the heat flux,

e the irreversible heat sources.

We are now able to state the second principle of the thermodynamics:

Principle 11.11 The local production of entropy of a continuous medium char-
acterized by fields of temperature vector W and momentum tensor T is non negative:

® = Div <T vf/) - <e0(f(ﬁ))> <60(T1(Ij))> >0, (11.52)

and vanishes if and only if the process is reversible.

In this expression, €° is the time arrow and U is the 4-velocity (see Section [0.2)). As
scalar field, the value of ® is invariant. In terms of tensor fields, expression (IT.53)) is
covariant, then consistent with Galileo’s principle of relativity [L13] Without gravi-
tation and in any Galilean coordinate system, the expression of the local production
of entropy is:

o =div (TW)~(fU) (TU) 20, (11.53)
If the process is reversible, 77 = 0 and, because of Theorem [ITT1.10
ds

® = div (TR W) = divS=p= =0,
thus the entropy is constant, that explains the name of ®. Conversely, if the local
production of entropy is positive, it cannot be proved that the process is dissipative,
reason for which it is a principle —i.e. an axiom— and not a theorem.

Next, let us calculate explicitly the expression of the local production of entropy.

Owing to (@.15), (IT8]) and (LI2]), the former factor of the second term of (IT.53):
05 03
ot or < 1 > a3 9B dj
= — —|— —_— U = — s
o w 8w (Y ot or dt
ot or

is invariant under any galilean transformation. Besides, (I1.42]) gives:

. B H, 0 Iy
CTIU=(10) <h+7-l1v—0ﬂ) UI) <U>_H17

which is a galilean invariant too. Thus the local production of entropy reads also:

o (hw dp
o = div <T W)—”HIEZO. (11.54)

CfU=(10)

Now, we establish a new expression of the production of entropy.
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Theorem 11.12 If the momentum tensor T is divergence free, the local production
of entropy (11.53) is given by

®=h.grad B+ Tr (c; D)>0. (11.55)

Proof Starting from (IT.54]), owing to (I3.19) and the first principle [T.27] it holds:

B . OW g ¢ dp
d="Tr (T —) —~Hi— =Tr (Tf)+a—XN+q1E.

Because of theorem [[1.91 <> or equivalently (IL.32]), one has:

©=Tr (T f)~Tr (Ta ) bar % =1r (11 )+ ay

dap
dt

Using expression (IL8]) of the friction and (IT.42]) of the irreversible momentum
tensor

Tr (Tr f)=-a (%—i—g—fv)—kg—f h+Tr <01 <g—2:>—v g—f) .

Owing to w = 8 v, it holds

B dg v
Tr (Tt f)——q1E+h.gradﬁ—|—5Tr (O‘[ E) ,

and because o7 is symmetric:

Tr (Ty f)+q1§:h.gradﬁ—l—ﬁTr (o1 D) ,

that achieves the proof. W

Through the relation:
®=h-a+Tr (orA),

the interest of Theorem (I1.12]) is turning out a correspondance between:
e thermodynamic forces (or affinities) a = grad 5, A= D,
e and the corresponding thermodynamic fluxes h, o;.
T being represented by 77 = (h, or) and f by a = (a, A), this pairing reads:

S = (11, ) .
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11.7 Constitutive laws in thermodynamics

To define completly the dissipative processes of the material, we need an additional
relation called the constitutive law. In the most simple situations, it is given by a
map ¢ : « — 77, or more explicitly in terms of fluxes and affinities

(a,A) = (h,o1) =g (a, A)

Before discussing some aspects of the constitutive laws, we want to characterize the
non dissipative processes thanks to the following proposition

Theorem 11.13 For a continuum occupying a connected domain, let g : o+ 77 be
a continuous map defining a constitutive law and verifying the second principle

Y a, ®=(g (), ) >0, (11.56)
Then, if the friction tensor field is identically null,

the temperature field is uniform and the motion of the continuum is rigid,

the heat conduction flux and the viscous stresses vanish.

Proof As the friction is null, a = grad 8 = 0 then 8 and § = 1/ are uniform on
a connected domain. Besides, A =D =0 and 8 > 0, then D = gradsv = 0. In a
connected domain, there exist maps t — vg(t) € R® and t — w(t) € R? and:

v (t,r) =vo(t) +w (t) x 7,

that defines a rigid motion of the continuum and proves $.
If X is a real number, the condition (I1.50) gives:

(g (Aa), Aa) = A (g (M), a) 20,

which means that A and (g (Aa), a) have the same sign. As A tends to 0, by
continuity:
(9 (0), ) =0.

As this occurs for any «, it is possible only if 77 = g (0) = 0. Then h and o vanish,
that proves ©. N

Our aim is now to find the explicit form of the constitutive law in relatively
simple situations, for instance when the behaviour of the continuum is isotropic and
the law is linear. First of all, we have to discuss how the components of f and Ty
change under galilean and bargmannian transformations. Let us consider a galilean
transformation with boost v and rotation R:

(. 5)
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The tensorial rule of 1-covariant and 1-contravariant tensors gives for f:

ff=PlfP,
then:
05 _ 05 05
o ot ar '
op B ap
57 = ER , (11.57)
ow' (0w Ow op 0B T
at/_R <E+EU>—<E+EU R’LL,
ow' T ow ap

By transposing relation (IL.57)), one has:
ad=Ra. (11.59)
Also, taking into account (IT.57), (IL58]) and the velocity addition formula(LI3]),

one gets:
ow' /8_/8/_RT <8w aﬂ) R.

v
or’ or’
Hence, the transformation law of (IL50) is

— =

or or

A'=RTAR . (11.60)

Now, we can determine the invariants of a.. It is easy to verifiy that there are the 3
eigenvalues of A, || a ||, || A a || and a” A a.

The transformation laws (IL44]) and (ITI9) of o7 and h are formally the same
as the ones (IT.59) and (I1.60]) of a and A. By analogy with «, the 6 independent
invariants of 7; are the 3 eigenvalues of a7, || h ||, || ozh || and kT o7 h. Once again,
we can verify that the production of entropy is invariant:

B -a +Tr (c7A)=h-a+Tr (o/A) .

On this ground, we can construct constitutive laws. For instance, an isotropic
linear law has the form:
h=kia, (11.61)

or=ky Tr (A) Igs + k3 A, (11.62)

where k1, ko, k3 € R. Introducing (IT.61]) and (I1.62]) into the production of entropy

(IT55) gives:
O =k ||al?+ky (Tr A +ks Tr (A?) ,

which is satisfied if the following restrictions are imposed to the material parameters:

k
k1 >0, ks3>0, k2+§20.
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Law 11.14 In terms of temperature, the constitutive laws are:

Fourier’s law or law of heat conduction:

h=—kgrad 0 , (11.63)

where k = k1 / 6% > 0 is the thermal conductivity,

Newton’s viscous flow law:

or =n(div v) Igs +2pgrads v , (11.64)

where n =ky / 6 and p=ks / 20 > 0 is the dynamic viscosity.

For simple fluids (in particular: water, air, gases as methane), the law can be sim-
plified by assuming that the viscous stresses o are traceless (Stokes hypothesis),
leading to:

1
or =24 <g7’ads V-3 (div v) IR3> .

In many situations, the material parameters k and 7 are considered to be constant.
For barotropic fluids, owing to (9.65]) and (I3.13]), one has:

(divor)l = —gradq .

On the other hand, Newton’s viscous flow law (I1.64]) combined with (I3.20]), (I3.15])

and (I3.13)) gives:
(divop)t = pAo+ %gmd (divv) .

Introducing the two previous expressions into the balance of linear momentum (The-
orem [[T.7] ©) with 0 = or + o7, we obtain Navier-Stokes equations:

[(% Ov
p —_—

— H '
5 + o fu} = —gradq+ pAv + 3 grad (divv) . (11.65)

Definition 11.15 A fluid is incompressible if the mass of each volume element

remains constant :
dp
dt
then the density p is an integral of the motion and, owing to (9.53):

0,

divv=0.
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Also, taking into account (13.27) and (9.79), J is an integral of the motion:

dJ dF
dt dt

—=JTr —F_1>:Jdivv:O.

Hence, in (9.74)), the derivative has no sense and the pressure ¢ is an undeterminate.
The Navier-Stokes equations for incompressible flows are:

av@

divv = 0, p [E—I-ar

v] = —gradq+ pAv . (11.66)

11.8 Thermodynamics and Galilean gravitation

Until now, we are concerned only with the uniform straight motion which can be
described by the calculus of variation with a Lagrangian equal to the kinetic energy
as mentioned at Section It was also seen that this expression of the Lagrangian
is not general and, for a particle subjected to a Galilean gravitation, it must be

replaced by (6.12)):
1 2
£(t,r,v):§m||v|| —-m¢op+mA-v,

containing the gravitation potential ¢ and A. Introducing a coordinate system X/
for which one:

dz':£dt.
m

This extra coordinate z’ has the physical dimension and the meaning of an action
by unit mass. Taking into account (IL.3)), we obtain:

dZ =dz —¢dt + A-dr ,
which can be completed by:

dt’ = dt, dr' = dr
to define a linear transformation:

dX'=Q'dX .

where:
) 1 0 0 ) 10 0
Q'=[0 1gs 0], Q=|0 1zgs 0 | . (11.67)
—¢ AT 1 ¢ —AT 1
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What is the physical interpretation of these transformations? Before applying it,
the particle is, in absence of gravitation, in Uniform Straight Motion (USM). The
effect of applying such a transformation is to embed the particle in the gravitation
field. It is straightforward to verify that the set of such transformation matrix is
an abelian subgroup of the affine group Aff(5). It is also worth to notice that,
according to the transformation law (I3.2]) of 2-covariant tensors, Gram’s matrix of
the covariant metric tensor G in the new coordinate system X' is given by:

=Q'¢Q,
that gives for the metric embedded in the gravitation field:

A —2¢ AT -1
G, — A 1]R3 0
-1 0 0

The attentive reader will observe that reducing this matrix to the space-time provides
the one given by (@I7)). Our starting point is now to work in these coordinate
systems X' that we call Bargmannian coordinate systems. When equipped
with the previous covariant metric, the 5-dimensional space U is now a riemannian
manifold and U a 4-dimensional submanifold thereof.

There exists one and only one symmetric covariant differential such that the
covariant differential of the metric vanishes. The only non vanishing quantities

(I3.:35) are (I0.4), (I0.5). Using (I3.36]) and taking into account the definition (G.13])

of galilean gravitation potentials, the only non vanishing Christoffel’s symbols are:

Too=—¢', Th=Thh=9, (11.68)
d¢ 1 (8A; 0A; .
4 _ YV 4. 4 _ = ) 945\ _ i
Loo = ot A-g, by 5 <8rj + o > (gradsA); (11.69)
9 0A;  OA,
4' pr— 4 ]
P =to=75:" <87«] ori > AT = (grad ¢ — Q x A)' (11.70)

It is worth to observe that we recover ([0.47). In matrix form, the gravitation of the
space U reads:

0 0
f(dX): J(Q)dr —gdt J(Q)dt
ot

It is the expansion of the space-time gravitation ([3.38]) to the fifth dimension.

In a similar way, the thermodynamical tensors can be embedded into the grav-
itation field. Applying the matrix Q~' given by (IL6T) preserves 3, w and embeds
the ¢ component in the gravitation, that reads omitting the bar:

1
C=Cim+—|w|*-Bo+A w.
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Taking into account (I3.29]), it is represented in a Galilean coordinate system by the
4 X 4 matrix

98 98
ot or
f=VW = ) (11.71)
0 0 )
5%—ﬂg+9xw 5%+ﬁﬂm

Let us calculate the expression of the momentum tensor enbedded in the gravi-
tation field. The transformation law (ILI0) reads:

-7,
with T is given by (IT20), Q is given by (II67) and the corresponding @ is 1pa,
that leads to: ) .

™ H —T P
= < h+Hv—ov o—vrl pv )’ (11.72)

where occurs :
e the hamiltonian density: H' =p (3 || v ||> +é + €t — a1)
e the generalized linear momentum: 7 = p (v + A).

The attentive reader will observe that we recover by a new way the expression
@9) or (I024) of the hamiltonian density and the expression (I0.23]) of 7. In the
sequel, we are implicitly supposed to work in Bargmannian coordinate systems but
the prime shall be omitted for sake of easiness. Let us examine now the expression
of the first principle of the thermodynamics (IT.27]) in presence of gravitation.

Theorem 11.16 If T is covariant divergence free:
DivyT =0,
then, we have:

balance of mass: % + div (pv) =0,

balance of linear momentum: p [% + ? U:| = (div o) +p (g—2Q x0)) ,
r
_OH . (09 0A
balance of energy: e +div (h+Hv—ov)=p <8t 5 -v> .

Proof. As the space-time U is a submanifold of the fifth dimensional space U, an
event X € U belongs also to U. We consider a momentum field X — T'(X) where
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T'(X) is a 1-covariant tensor on the tangent space T' xU with vector values in TxU
(which can be identified to a linear map from TxU to TxU ). We wish to calculate
its covariant divergence. In addition to Convention [T, we adopt the extra one:
Greek indices &, B ,4 and so on run over the five coordinate labels 0,1,2,3,4. The
basis (€,) of TxU is completed by €, to build a basis (€;) of T xU in which the
momentum tensor is decomposed as:

T_ie, 1 —Tlet
Taking into account (I3:28)), its covariant differential is:
VT =V (Te)=(Vyple +T7(Vyeé) = (VI +T717)e,
where, owing to (I3.34):
Vo 17 = Vax (T7e%) = dT7 e + 17 Vx & = (AT — T7T77) & .

Hence, we obtain:

VRT = [deTg ea] éiy s
with:

VaxT) =dI] + )15 - Tgrg ;
Hence, there exists a field V T of 2-covariant and 1-contravariant tensors such that:
V= T=(VT)- X .

Using Christoffel’s symbols (I3.30)), one has:

VT = [VUT(; e&] e, ®e’,

with:

A

v, T = 13 TP _ 78
0+ & 8X + PO & B &o

By contraction, we define the covariant divergence of the momentum tensor:
DivT =V, T] e* |

with: W
T — TP (11.73)

v, 13 aX'y pyra T Tt ay

In indicial notation, the components of T are:
19 =H, [0 = — g7, 0 =p, (11.74)

TJ =1+ Ho' — akvk 19 = azj — 057", T =p . (11.75)



The first principle of the thermodynamics (TT.27]) reads:
V17 =0,

where Christoffel’s symbols are given by (IL68]), (IT.69) and (IT70). Putting & = 4
in the previous equation and taking into account the vanishing terms, one has:

s
V'\/TZ — W — 0 3
that allows to recover the balance of mass ¢. Similarly, putting & = ¢ and taking
into account the non vanishing terms, it holds:

atl aTﬂy H0TJ H0T4 P4
VT, —W_Trzo Tyl — T3l = 0,
or, owing to the momentum components (IL74) and (I1.75):

0 o - ‘
_E ((5lkﬂ'k) + % (O’i — Ujfsikﬂ'k) + 6jk7Tng - pleo _pjr?j =

Owing to (I3.14)), it reads in matrix form:

gt( (v + A1) + dive — div (pv) (v + AT — pvT grad (v + A)

+o(w+A)THQ) —p (gradd — Q2 x AT + pvlgrads A=0.
But, owing to (6.13]), it holds:

grads A = % —Jj(Q),

then, taking into account (I0.26]), we recover (I0.27)) and finishing the calculation
as in the proof of Theorem [I0.J] we demonstrate the balance of linear momentum
Q.

Finally, putting & = 0 and taking into account the non vanishing terms, it holds:

o1y

vVﬁ;_‘aXv

TOF{)O 1T — 1915 — TZF?O =0,

which reads in matrix form, after some simplifications:

LA 9¢
E—i—dzv (h—l—?-[v—av)—p( (g + grad ¢) + 8t> 0.

But, owing to (6.13]), it holds:

9 99 04

= B (11.76)

d
v- g+d—f= (9 +grad¢) +
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which leads to the balance of energy # and achieves the proof. W

Theorem [IT1.9] concerning the reversible processes remains true. Only the demon-
stration of ¢ is different. Before calculating, it is worth noting that the covariant
derivative of ( is meaningfull because ¢ is not a scalar but a component of the
temperature vector. We can verify that:

<V<>N=p(%—ﬂg-v> |

the remaing part of the calculation is straightforward taking into account the ex-
pression (ILT7])) of the friction embedded into the gravitation field.

For the dissipative continua, the equation of heat transfer (IL5I]) is slightly
modified. Wet let the reader to show that (I1.46)) is replaced by:

d., _ , dqr 0p O0A
Pa(emt-l-qb)—Tr (JD)_dwh+pE+p<E_§ v> :

or, taking into account (I1.70]):

deint
dt

d
=Tr (aD)+g-v—dz’vh+p%.

Next, the equation of heat transfer with gravitation is:

do OoR
dt 00 dt

—pcy— =0Tr —D)—I-TT (UID)—i—g-v—divh—kp@. (11.77)

Taking into account the expression (II.7I]) of the friction, the reader can also
easily verify that the expression (I1.54)) of the production of entropy is replaced by:

IS dp
® = Div <T W) — M= 20, (11.78)

where occurs now the covariant divergence in the first term. To be consistent with
Galileo’s principle of relativity (LI3]), Theorem [[T.12]is replaced by:

Theorem 11.17 If the momentum tensor T is covariant divergence free, the local
production of entropy (I1.53) is given by 1153

b=h.grad B+ Tr (o1 D)>0.
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Proof According to the rule (I3:33)), one has:
Div (T -W) = (DivT) - W+T : VW |
or in local coordinates:
Div(TW) = (DivT)W +Tr (T VW) ,

hence, starting from (IL78) and owing to the first principle (IT.27]), it holds:

_ S ot s _ ap
o =Tr <TVW) ~ M =Tr (T )+ (VON+aq1 = .
Because of theorem [IT.9]  or equivalently (I1.31]), one has:
d
S=Tr (I7 f)+a d_/tj ;

and the proof follows the one of Theorem [I1.12] that achieves the proof. N

11.9 Exercises

11.9.1 Local production of entropy

Starting from (I1.54) and using the balance of mass, show that [Comment 1]:

oopds_pdu g, <ﬁ>20. (11.79)

11.10 Comments for experts

[Comment 1] This relation is known in the literature as Clausius-Duhem inequality
but it seems first appearing in Truesdell’s works ([38], [39])

192



Part 111

From Elementary Algebra to
Differential Geometry

193






Chapter 12

Elementary mathematical tools

12.1 Maps

We call map an assignment f : x — y = f(z) of elements of a set into elements of
another set. The existence of a map f entails the one of its definition set:

x € def(f) & f(x) exists ,
and of its value set:
y € val(f) & Jz  such that y= f(x) .

It is useful to consider the identity of a set E, denoted 1 and the impotent
map of which the definition set is empty, that we denote 13. The composition of
functions is defined by:
(fog)(z) = flg(z)) ,

every time it exists. If there is no confusion, the composition f o g is simply denoted
fg. The composition of two maps is always a map, even if it is impotent. The
composition is associative but not commutative. A map f is regular or one-to-
one if:

flo)=fly) <= z=y.
f being regular, the inverse map f~! is defined by:
Fly=2 &  y=[f(2).
We verify immediately that f~! is regular and:
(S =1 def(f71) =val(f), wal(f~') =def(f),
S =Yaerrys FF = Loa(p -
If f and g are regular, fg is regular and:

(fo) =g 'f .
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Two maps f and g being defined on the same set, there exists a map h such that
f = hg if and only if:

Besides, the map h is unique if def(h) = val(g). Hence it is denoted f/g and is
called the quotient of f by g.
A set R is a pre-collection if:

f,gGR = f_l,fgeR.

We call space of R the union of the definition sets of the elements of R.

12.2 Matrix calculus

12.2.1 Columns

A n-column or simply a column is an element of R™ and is denoted:

Vl

V' are its components. R” has two operations, the addition of vectors and the
multiplication by a scalar:

Ul Vvl Ul + vt Vi AV
U? V2 U2+ v? V2 A\V2
) + i = i and A . = )
un yn Uur+vn yn AV

The addition is associative and commutative. The multiplication by a scalar is

distributive over the column addition. We call key-columns the following elements
n.

1 0 0
0 1 0
€1 = . ) €2 = . ) ey €n = .
0 0 1

Thus, any n-column is a linear combination of the key-columns:
V=V +Vie+ - +V",.

The n-columns V1, Va,--- , V), are linearly independent if any linear combination
MVi+ Va4 -+ AV, is zero if and only if A\ = Ag =--- =\, =0.

196



12.2.2 Rows

A n-row or simply a row is a numerical linear function on R” :
OAU + uV) = A0(U) + u®@(V) .

It is denoted:
(I>:((I>1 Dy .- (IJn).

®; are its components and the value of ® for the n-column V is:
V)=,V + o,V ... 1O,V .
The set (R™)* of the rows has two operations, the addition:
(@1 @ -+ @, )+(O1 O3 -+ O, ) =(P14+60; +0, -+ &,+6n),
and the multiplication by a scalar:
A @ @y -0 D ) =( AP ADy - AD, ) .

The addition is associative and commutative. The multiplication by a scalar is
distributive over the row addition. We call key-rows the following rows:

el=(10 -+ 0), &=(01 -+ 0), ..., "=(0 -+ 0 1).
Thus, any n-row is a linear combination of the key-rows:
D = Pre! + Poe® + -+ Dy .

12.2.3 Matrices

A n x p matrix is a linear map from R” into RP:
MU +uV)=AMU)+ M(V) .

It is denoted:

M M} MI}

2 2 2

Y Ml M2 .. Mp
My Mp oo M7

M j’ are its elements. The set M, of the n X p matrices has two basic operations,
the addition:

Mt M} N} - N} M{+N{ - M!+ N}
: U o = : : ;
My o M NP ..o NP M} + NP -+ MP+N]



and the multiplication by a scalar:
Mp o M) AMP o AM)
Moo = s
Mp oo MP AMP o AMP
The matrix addition is associative and commutative. The multiplication by a scalar

is distributive over the matrix addition. The j-th column of M is the column M of
which the components are M JZ», that allows to write in a more compact way:

M=(M - M,).

The i-th row of M is the row M of which the components are M;, that allows to
write:

Ml
M = :
MTL
The composition or product of the n x p matrix M by the p x ¢ matrix N is the
n X ¢ matrix obtained performing products "rows by columns”:

MINy MINy -+ M!N,

M?N; M?Ny --- M?2N,
MN = : : . :

M"Ny M"Ny --- MmN,

The matrix product is associative but not commutative. The identity matrix:

1R": . . . . )
0 0 1

is such that for any n x n matrix M:
M1gn = 1gn M = M

The components of the identity matrix are denoted 5;- and called Kronecker’s
symbols. A n x n matrix M is diagonal if it has the form:

M} 0 - 0
0 M2 --- 0
M = S .
0 0o .- M"

n

We denote it:
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The transposed matrix of the n x p matrix M is the p X n matrix:

T M} M2 - M»
o .
M} oME oo M
We verify that:
(M"Y =M .
A n x n matrix M is symmetric if M7 = M and skew-symmetric if M7 = — M.

Of course, as particular cases:
e n-columns are 1 x 1 matrices (then linear maps from R into R") and R" = M,,1,
e n-rows are 1 x n matrices and (R™)* = My,,. Moreover: ®(V) = ®V |

e scalars are 1 x 1 matrices and commute with any other matrices, in particular
with columns and rows.

The dot product of two n-column is the scalar:
U-v=U0v.
The dot product is commutative. The norm of a n-column is:
IU=vU-U.

The norm is non negative. It vanishes if and only if the column vanishes. For any
n-columns U,V and scalar A :

AU =AU, (12.1)
[U+VISIUN+V - (12.2)
The trace of a n x n matrix M is the sum of its diagonal elements:
Tr(M) = M} + M3+ -+ M .

Of course, we have:
TT(MT) =Tr(M),

and if M is skew-symmetric, its trace vanishes. We verify that for a n-row ® and
n-columns U,V :

Tr(V®)=®V  and Tr(VUD)=U-V. (12.3)
and that for any n x p matrix M and any p X n matrix V:

Tr(MN) =Tr(NM) ,
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The determinant of a n x n matrix M is the unique numerical function det
of M, linear with respect to each of its columns My, Ms, - - M, completely skew-
symmetric with respect to them and such that:

det(lgn) =1.
The determinant of a 2 x 2 matrix is:
det(M) = M{ M3 — MM, |
and the one of a 3 x 3 matrix is:
det (M) = M} MZMZ+MZM3 M3+ M3 M3 M2 — M3 M3 M} — MMy M3 — M M3 M2 .
If M, N are n x n matrix, we verify that:
det(—M) = (—1)" det(M) and det(MN) = det(M) det(N) .
A n x n matrix M is regular if and only if its determinant is not null. Then:
det(M~1) = (det(M))" .
The dot product of two n x n matrices M and N is the scalar:

M:N=Tr(MTN) . (12.4)

The dot product is commutative. The norm of a n x n matrix is:
| M ||=VM: M. (12.5)

The matrix norm has similar properties to the ones of the vector norm, in particular
M2.1] and
The inverse of a n x n matrix M is —if there exists— the unique matrix M !
such that:
MM = MM =1gn. (12.6)

Then, M is said regular. A matrix is regular if and only if its determinant is
nonzero.

The (i,j) minor of the n x n matrix M, denoted minor(i,j, M), is the deter-
minant of the (n — 1) x (n — 1) matrix that results from deleting the i-th row and
j-th column of M. The adjugate of M is the n x n matrix adj(M) of which the
element (adj(M))é» is the (j,7) cofactor of M:

(adj(M))é» = (=1)"™minor(j,i, M) .

If M is regular, its inverse can be obtained thanks to Cramer’s rule:

1 adj(M)
M= det(M) ~

(12.7)
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A n X n matrix M has a real or complex number eigenvalue A if there is a
nonzero eigenvector V € R" such that

MV =XV .
The eigenvalues of M are roots of the characteristic equation:

The matrix M is diagonalizable if there is a family of n linearly independent eigen-
vectors Vi, Vo, -+ |V, of respective eigenvalues A1, Ag, -+ , A,. Then, considering the
n X n matrix P = (V1,Va,--- ,V},), one has:

P~ IM P = diag(A1, A2, -+, \n) .

We say that P diagonalizes M. A symmetric matrix M is diagonalizable, its
eigenvalues are real numbers and its eigenvectors are mutually orthogonal. As they
are defined to within a scalar factor, they may be choosen as orthonormal.

12.3 Vector calculus in R?

To any 3-column w is associated a unique 3 x 3 skew-symmetric matrix:

0 —ud  u?
Jj(u) = u3 0 —u' |. (12.8)
—u? ! 0

u is sometimes called the axial vector of j(u). The map j is regular, linear and
satisfies the following identities:

() = vul —u? | (12.9)

jw)j(v) = vul — (u-v)lgs , (12.10)

from which one we deduce:
Tr(j(u)j(v)) = —2u-v, (12.11)

and:
Jw)i(v) = j(v)i(u) = j(i(u)v) . (12.12)

The cross product of two 3-columns u and v is the 3-column u x v defined by:
uxv=juv.
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Considering the components, one has:

ul vt u?v3 — udv?
u? | x| v ] = Wl —ul?
u? v3 ulv? — u2o!
The cross product is anticommutative: u X v = —v X u and is not associative.

Of course, u x u = 0 and the cross product of two colinear columns is null. The
cross product is distributive over the addition. From [[2.9] and 210l we deduce the
expressions of the vector triple products:

(uxv)xw=(u-wv—(v-wu, (12.13)
ux(vxw)=(u-wv—(v-u)w. (12.14)

Also, condition leads to Jacobi’s identity:
ux (vxw)+ovx(wxu)+wx(uxv)=0. (12.15)

The oriented volumes are measured by the scalar triple product, symmetric
by circular permutation of its arguments:

(uxv) - w=(wxu)-v=_(vXw)- u,
and skew-symmetric with respect to any couple of arguments:
(uxv)-w=—-(vxu) - w=—(wxv) u=(uXw) v.

Hence the scalar triple product vanishes if two of its arguments are identical. From
M2.10l we deduce the relation:

lu v |2 +(u-0)® =[lu [P v ]* (12.16)

An orthogonal matrix R is a 3 x 3 matrix preserving the dot products of two
3-columns:

(Ru)-(Rv)=u-v. (12.17)
We verify that the inverse of R is its transposed matrix:
RTR=R RT = 1ps , (12.18)

and that:
(Ru)x (Rv)=R(uxv). (12.19)

Using the map j, this relation reads:
j(RTuw) = RTj(w)R (12.20)
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A rotation is an orthogonal transformation preserving the oriented volumes, then
its determinant is equal to 1. An Euclidean transformation is an affine transfor-
mation of R3 preserving the dot product of two vectors and the oriented volumes,
then composed of a rotation R and a translation k € R3:

r=Rr'+k.

A 3 x 3 symmetric matrix M is diagonalizable with eigenvalues are real numbers
and the corresponding matrix P = (V1, Va, V3) is orthogonal. The vectors Vi, Vo, Vs
are mutually orthogonal and of unit norm.

12.4 Linear algebra

12.4.1 Linear space

A linear space (or vector space) 7 is a nonempty set with two operations, the
addition and the multiplication by a scalar. Its elements are called vectors and
denoted with an arrow: U,V,---. The addition is associative, commutative and
has a zero O:
U+0=0U.

Each vector has an opposite one:

U+ (-U)=0.
The multiplication by a scalar is distributive over the vector addition and:

A(pU) = (Ap)U

1U=0U.
If the scalars are real numbers, T is a real linear space. Unless otherwise specified,
linear spaces considered in this book are real. The set R™ of n-columns, the set
(R™)* of n-rows and, more generally, the set M, of the n x p matrices are exemples
of linear spaces.
A linear subspace of 7T is a subset that is closed under taking linear combi-

nations. The set My%™" of the n x n symmetric matrices and the set MF¢® of the
n X n skew-symmetric matrices are linear subspaces of M.

Let R be another linear space. A map A : 7 — R is a linear map if it preserves
linear combinations:

AMU + 20U+ -+ 2,U0,) = MA (U1) + XA (Ug) +--- + MA (T,) .

A linear space T has a finite dimension n if there exists a linear regular map S
of which the definition set is R™ and the value set is 7. S is called a basis or linear
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frame of 7. The €; = S(e;) are called the basis vectors. Thus any vector can be
decomposed into the unique linear combination of the basis vectors:

V=V +V2%e+- - +V"E,,
where the V? are called the components of V with respect to the basis. We

denote it indifferently S or (€;,8€s, - ,€,) or more simply (€;), allowing to write
the previous relation:

the last expression being understood as a product of a row by a column. If we change
the basis (€;) for a new one (€}), the corresponding transformation matrix is the
regular n x n matrix P = S~15’ such that:

(6/176/27 76%) - (617627'” 7én)P7

that also reads:
€ = Pl'é + P& +---+ P&, .

’i pr—
In the new basis, the vector V is represented by the column:
V' =PV (12.21)
Conversely, if there exists a regular map S of which the definition set is R"™, its

value set T is a linear space of dimension n, defining by structure transport the
vector addition:

U+V=35S"10)+5(V)),
and the multiplication by a scalar:
AU = S(AS~H(0)) .

Let F be the set of the maps f of which the definition set is a given set A and
the value set is a given linear space T . Defining for f, g € F the vector addition by:

veed,  (f+9)(@)=fz)+g(x), (12.22)
and the multiplication by a scalar:
Vo e A, Af)(x) = Af(x), (12.23)
the set F is a linear space.
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12.4.2 Linear form

The set T of the linear maps from 7T into R is a linear space and is called the dual
space of 7. Its elements ® are called linear forms or covectors. If 7 has a finite
dimension n, then its dual one has the same dimension. S or (€;) being a basis of
T, we have:

B(V)=&(SV)=(®9)V .

Hence ® = & S is the unique n-row such that ® = & S~!. The map S~! is called
a cobasis or a linear coframe and the components ®; of ® are the components
of ® with respect to this cobasis. The €' = e*S~! are called the basis covectors.
The value of the form e’ for the vector U is its i-th component in the basis S:

—

e'(U)=U".
We denote the cobasis indifferently S~ or (e?), allowing to write the previous rela-
tion:

el

2
e
=S =0 | . ,

eTL

the last expression being understood as a product of a row by a column. Because:

the cobasis S™! is called the dual basis or dual linear frame of S. We deduce:
P(E)=2; . (12.24)
In a new cobasis S’~!, the linear form ® is represented by the row:
=3P, (12.25)
where occurs the transformation matrix P = S~15’. The map:
T*xT 5 R: (®,V) <<1>,\7> — V)=V,
is linear with respect to each of its arguments and is called the dual pairing.

12.4.3 Linear map

Let R be another linear space of finite dimension p and (7j;) one of its basis. Let
A:7T—-R:Ur~V=A(U) be a linear map. If in the basis (7;), the vector V is
represented by the column V:



and each vector A(€;) by the column A; of components A;, the linear map A is
represented by the matrix:

A= (A, A4,),V=AU.

The linear map A and the matrix A representing it are linked by:

A=S8A5"1 A=8"1AS.

Let @ be the transformation matrix of the change between (7j;) and a new basis (7}).
Then, in the basis (€;) and (7}), the linear map is represented by the equivalent
matrix:

A'=Q AP . (12.26)
When 7 =R, A is represented by the similar matrix:
A =P AP,
and:
Tr(A) = Tr(P7*AP) = Tr(APP™') = Tr(A) ,

does not depends of the choice of the basis but only on A. We call it the trace of A
and denote it Tr(A). The element Aé— of the matrix A representing A in the basis
S is given by:

Hence:

Tr(A) =) e'(A(§)) . (12.27)
=1

The set Hom(T,R) of the linear maps from 7 into R is a linear space of dimen-
sion np. In particular, Hom(7,R) = T* and Hom(RP,R") = M,,,,.

The transposed of the linear map A : 7 — R is the linear map ‘A : R* — T*
such that:

V® e R, YV eT, <<I>,A(\7)> - <tA(<1>),\7> .

The transposed map *A is represented by the transposed matrix A7 of A representing
A.
If two maps A and B are linear and if:

{B(ﬁ):ﬁ} N {A(ﬁ):ﬁ} :

the quotient of A by B exists and is linear. The map A = A/B is called a La-
grange’s multiplier, hence:

A=)B.



12.5 Affine geometry

An affine space is a nonempty set A7 of points, associated to a linear space T
through a map:
AT xT — AT : (a,U)—»a+ U,

satisfying the three following conditions:
e for any a € AT, a+ 0 = a,
e foranyac AT and U,V e T, (a+U)+V =a+ (U+V),
e for any points a,b € AT, there is a unique U € 7 such that a+ U = b.

The unique vector U such that a + U = b is denoted by zj)a. By taking a as the
origin in AT, we identify AT with 7 through the regular map b ab.

For any family of m points (a;) in AT, for any family of m scalars (\;) such that
M+XA+ -+ A\, =1, and for any a € AT, the point:

a+ A\ ad; + \oads + -+ A adm

signed with the weights \;, does not depend on the choice of a and is called barycen-
ter and is denoted
A1ar + Agag + -+ Apap,

An affine subspace of AT is a subset that is closed under taking barycenters.
For any point a € AT and any subset W C T, let a+ W denote the following subset
of AT:

a+W:{a+\7‘ yVeW} :
A nonempty subset A of AT is an affine subspace if and only if for every point
a € A, the set:
W, = {JS lae A} ,

is a subspace of 7. Consequently, A =a+ Wj,.
Let AR be another affine space. A map « : AT — AR is an affine map if it
preserves barycenters:

a(Mag + deag + -+ Apay) = Ma(ag) + aa(az) + -+ Ay (ap) -

An affine map preserves affine subspaces and parallelotopes. There exists a unique
linear map A : 7 — R such that:

aat+U)=al@)+AU), A@b)=ad) -al).

It is called the linear part of « and is denoted A = lin (). For instance, the map
a: AR™ — AR" : V — V' = C + PV, that may be identified to the couple (C, P),
is affine and P is its linear part.
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If 7 has a finite dimension n, we said that A7 has the dimension n. Let
(ag,ai,...,a,) beaset of (n+ 1) points such that the set of the vectors €; = a; —ag
is a linear frame. We say that: (ag, (€;)) is an affine frame of AT of origin ay. For
any a € AT, the decomposition:

a=ag+ Ve +VE+- - +V"E,, (12.28)

is unique. We call V* the (affine) components of a. In other words, the cor-
respondence between a € AT and the column V collecting the components V* is
one-to-one. This defines a one-to-one affine map : AR" — AT : V—a= f(V). We
say it is an affine frame map. Conversely, let f be a given affine frame map. It
defines an affine frame by:

ag=f(0), a;=f(e), € =f(e)—ag,

and (I2.28)]) reads:
a=f(V)=ay+S(V), (12.29)

where the basis S = lin (f) is the linear part of f. If we change the affine frame
=/

(ao, (€;)) for a new one (a(, (€})), the corresponding transformation matrix being P

and C" = S~ 1(ajap) being the n-column gathering the components of ajag in the
new basis, the decomposition (I2.29)) leads to:

/ / / / /
a=ay+agay+S(V)=ay+ 5 (V')
with the transformation law for the components of a point:

Vi=C'+P V. (12.30)

a— Compare it to the corresponding relation (I2.21]) for vectors: points are
not vectors!
Conversely, introducing C = —P C’, one has:

V=C+PV'. (12.31)

There is a useful trick to convert this relation into what looks like a linear relation.
We add 1 as the (n + 1)-th component to the vectors V and V', and form the

(n+1) x (n+ 1) matrix P:

f/:<‘1/>, 15:<20P>, f/’:(é,), (12.32)



The affine maps ¥ from A7 into R are called affine forms and their set is
denoted A*T. If AT has a finite dimension n and f is an affine frame map, ¥ = Wo f
is a affine function from R" into R. Hence, it holds:

Ya)=UV)=x+2V, (12.33)

where x = ¥(0) = ¥(ap) and ® = lin(V) is a n-row. We call &1, Pg, -+, Dy, x
the (affine) components of W. It is convenient to gather the components into a
(n + 1)-row and to identify it to ¥ according to:

V) =TT = (y <1>)<‘1/> .

The set A*T is a linear space of dimension (n + 1) called the vector dual of AT .
If we change the affine frame (ao, (€;)) for a new one (ag, (€})), the components of
an affine form are modified according to W/ = W P, that leads to:

X' =x+®C, P =dP.
It is easy to verify that the inverse transformation law
U =v'pt, (12.34)

reads:
XZX/_@/P—IC’ ¢:¢/P_1

12.6 Vector analysis

12.6.1 Limit and continuity

Let ¢t — U(t) be a map from an open interval I of R into R™. If ¢y € I, we say that
U(t) approaches the limit Uy € R™ as t approaches t, if for any ¢ > 0 we can find
n > 0 such that

[t—tol<n = UG -Uol<e,

that reads:
lim U(t) =Up .

t—to

Moreover let V' be a function valued in R™ and f be a scalar function in an open
interval I, tg € I and:

lim V (t) = W, tlg% f&) = fo,

t—to
then:
Jim (U() + V() = Vo + Vo, Jim (FOU() = foll
Jm (U()- V() = Up Vo, Jim (U(1) x V(1) = Up x Vo .
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The function U is said to be continuous at tg if:

li t) =U(tg) .
lim U(t) = Ulto)
It is continuous on the interval J C I if it is continuous at every t € J.

The extension of the previous considerations to functions M valued in M, is
straightforward thanks to the the matrix norm [12.5l If U is a function valued in R"
and:

lim M (t) = M,
fim M(t) = Mo ,
we have:
lim (M(t) U(t)) =MyUy ,

t—to

every time the right hand side exists.

12.6.2 Derivative
We said that U is differentiable at ¢ if:

exists. This limit is called the derivative of U at ty. We said that U is differentiable
on [ if it is differentiable at every ty € I. Thus, we have:

df d U U
(fU) f— E(U'V) g V+u g
d U v
aUx V)= gp xVHUxm

The extension of the derivative to functions M valued in M, is straightforward.

Then, we have:

d dM dUu

Multiplying by dt, we can adopt the language of differentials:
d(fU)=df U + fdU, dU-V)=dU -V +U-dV ,

AU XxV)=dU xV +U xdV,  dMU)=dMU+ MdU .

If a scalar function f is differentiable at tp and U is differentiable at f(t¢), then the
composition V = U f is differentiable at to with:

U =5

This is the chain rule.
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12.7 Partial derivative

Let f be a map from a subset of R into R and v be a n-column. The directional
derivative of f at x € def(f) in the direction of v is defined by:

if the limit exists. That is, Df(z)(v) is the ordinary derivative of the function
t— f(x+tv)at t =0. If the directional derivative of f at = exists in any direction
and Df(x) is linear, we say that f is differentiable at z. The map D f(z) is called
the derivative of f and, if there is no confusion, we often denote its value D f(z) v.
If f is differentiable at every = € def(f), we said that f is differentiable. Then it is
continuous on def(f). We say that f is continuously differentiable (or of class
C1) if the map = +— Df(x) is continuous.

Let us consider now scalar fields f, i.e. such that val(f) C R. The partial
derivative of f with respect to z at z is:

of
ozt

(x) = 0if(x) = Df(x)e; .

If the fonction x + 9; f(x) has a partial derivative with respect to 27, we denote it:
o (or\_ o
OxJ \Oxt )  Oxidxt

If a function f has continuous partial derivatives up to the order p, we said that it
is of class CP. If a function is at least of class C2, the partial derivatives commute:

0% f 0% f

Oxidxd  Oxidat

12.8 Vector analysis

12.8.1 Gradient

The derivative of a scalar field at x, denoted:

_of

is a linear map from R"” into R, that is a n-row and:

g:<af of 8f>'

O dzt 922 T Gan
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The gradient of the scalar field f is the n-column:
of
ox!

T 0
grad f = <g—£> = 8—3{;

1

dan

For any scalar fields A and g, it holds:
grad (Ap) = Agrad p + pgrad X .
Let v be a vector field, i.e. such that val(v) C RP. Its derivative at z, denoted:
o
Ox’

is a linear map from R” into RP, that is a p X n matrix. Its gradient is the n X p

matrix:
radv = @ '
g -\ Oz '

For any scalar field A and any vector fields u, v, one has:
grad (M) = grad \v? + Agradv . (12.35)
grad (u-v) = (gradu) v + (gradv)u . (12.36)

If n = p, the symmetric gradient of v is the symmetric n X n matrix:

oo L2 (20T
gradsv =5 19z " \ oz

The skew-symmetric gradient of v is the skew-symmetric n X n matrix:

doo L0 (90\T]
gratev =9 15: " \oz) |-

Dv(x)

If the map:
R" > R":x—y=(grad f) (z) ,

is regular, we define Legendre’s transform of f (with respect to x) as the scalar
function:

[ (y) =z ((grad f) (z)) — f(z) , (12.37)
where 2 = (grad f)~!(y). Then the inverse map is:

R" - R":y+— x = (grad f*) (y) .
With some abusive notations, Legendre’s transform reads:

0
f*:x-gradf—fza—izn—f.
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12.8.2 Divergence

Let v be a vector field, such that val(v),def(v) C R". Its divergence is the scalar

field: 3
. v
divv="Tr <8_x> ,

div()\v):/\divv+%v:/\divv+gmd)\-v . (12.38)

and for any scalar field A:

12.8.3 Vector analysis in R? and curl
For every vector fields u,v € R3, one has:

2 fuxv) = () 92— () 2. (12:39)

For any column field 7 — v(r) € R3 of class C!, we call curl of v the unique
3-column field curl v associated to the skew-symmetric gradient of v by the map j:

T
j(eurlv) = % - <%> . (12.40)

For any scalar field A and any vector field v, one has:

curl (grad \) = 0, div (curlv) =0 .
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Chapter 13

Mathematical tools

13.1 Group

A group is a set G together with an operation called the group law, that we
shall denote mutiplicatively:

GxG— G:(a,b)— ab,
with the following properties:
e associativity: (ab)c = a(bc) ,

e existence of an identity element e such that: Va € G, ae =ea=a,

e existence of an inverse element o~ ! foranya € G: aa ! =a"la=¢.
If the operation is commutative, the group is called abelian. For instance, a linear
space is an abelian group for the addition with zero as identity element and the
opposite vector as inverse element. The set of regular n X n matrices is a group for
the matrix product called the linear group and denoted GL(n). The set of the
regular affine transformations of R" is called the affine group and denoted Af f(n).

A subset H is a subgroup of G if it is also a group for the operation of G.
For instance, GL(n) is a subgroup of Aff(n). The set of the 3 x 3 orthogonal
matrices is a subgroup of GIL(3) called the orthogonal group and denoted O(3).
The set of the rotations of R? is a subgroup of Q(3) called the special orthogonal
group and denoted SO(3). The Euclidean transformations (resp. special Euclidean
transformations) are affine transformation of R? of which the linear part is an or-
thogonal transformation (resp. a rotation). The set of Euclidean transformations
(resp. special Euclidean transformations) is a subgroup of Aff(3) denoted E(3)
(resp. SE(3)).

A left (resp. right) action of G onto a set M is a map:

P:GXxM—M:(a,z) — 2 =®a,x) =aex,
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such that ae (bex) = (ab)ex (resp. ae(bex) = (ba)ex ). A left action in which we
substitute a for a~! is a right action. For instance, the map (P, A) — A’ = P"1AP
is a right action of GL(n) onto M,,,.

Hence the group defines a family of transformations (or symmetries) of M.
We said that G is a transformation group (or a symmetry group) of M. The
orbital map:

®,:G—>M:a—a2 =aex,

defines the variance law. The orbit of = is the value set of the orbital map, i.e.
the set of all the element of M which can be reached from x through a symmetry:

orb(z) ={2' st. Jae€G and 2’ =aex} .

A subgroup H of G naturally acts onto a set M by restriction to H of the action of
G onto M.

A linear (resp. affine) representation (of finite dimension n) of a group G is
a map p from G into GL(n) (resp. Aff(n)) such that:

Vai,az € G, plaraz) = p(ar) p(az) -

13.2 Tensor algebra

13.2.1 Linear tensors

A tensor is an object:

e that assigns a set of scalars, called its components, to each linear frame S of
a linear space T of finite dimension n,

e with a transformation law of these components, when changing of frames,
which is a linear representation of GL(n).

A linear tensor can be constructed as a multilinear map, that is a map which is
linear with respect to each of its arguments. Let 7 and R be two linear spaces of
finite dimensions n and m. We shall be going to define the tensors on 7 with values
in R. 7 is called the source space and R the target space. If R is different of
R, the tensor is vector valued. If R = R, we often said more simply that they are
tensors on 7. The linear tensors can be classified in three families.

The p-covariant tensors (or covariant tensors of rank p) are the multilinear
maps:

p times

—— S — - o —
T:TXTX"‘T%Rt(Vl,VQ,“',Vp)l—>T(V1,V2,"',Vp)

As set of maps from the product p times of T by itself into the linear space R, the
set of the p-covariant tensors is a linear space for the operations defined by [12.22]
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and [2.23] It is denoted R ® (®PT*) or more simple @7 * if R = R. Hence we
generalize the concept of linear forms which are 1-covariants tensors and the one of
linear maps from 7T into R which are 1-covariants tensors on 7 with values in R.

The g-contravariant tensors (or contravariant tensors of rank ¢) are the
multilinear maps:

q times

T:7T" XT*X"'T*%RI(@MQQ,--- ,i’q)HT(‘I’l,i’g,--- ,i’q)

The set of the g-contravariant tensors is a linear space and is denoted R ® (®97)
or more simple ®47 if R = R. The 1-contravariants tensors are linear forms from
T* into R, then the elements V of the dual space T** of T7*. It is called the bidual
space and has the same dimension as 7* then as 7. For any V € T, the map \Y%
defined by V(®) = ®(V) is an element of the bidual verifying:

ViU=V4+U  AW=)\V, (13.1)

and the map V s V is one-to-one from 7 into 7**. Hence the l-contravariants
tensors can be identified to the vectors. Owing to [[2.24] one has:

The mixed p-covariant and ¢-contravariant tensors are the multilinear maps:

p times q times

—_—N—
T:Tx---TxT"x---T"=>R:
(\717"' 7\71?7(1)17"' 7(I)q)'_>T(‘717"' 7‘71177@17"' ’i’q)

The order in which the arguments appear in T must be specified. To simplify, we
choose here to order the arguments starting with all the vectors of 7 and following
with the ones of 7*. The set of the p-covariant and ¢-contravariant tensors is a
linear space and is denoted R ® (®PT*) ® (®4T) or more simple (R7T*) @ (®7)
if R = R. Hence we generalize the concept of linear maps from 7 into itself which
are mixed 1-covariant and l-contravariants tensors through the identification of the
linear map A with the tensor A defined by A(®,U) = ®(A(U)).

Let T and T/ be two arbitrary tensors. For instance, we shall suppose that T
is 1-covariant and 1-contravariant and T is 1-covariant. It is clear that the scalar
T(®,U) T'(V) is linearly depends on ®, U and V. Thus the map T” defined by
T/(®,U,V)) = T(®,U) T'(V) is a l-covariant and 2-contravariant tensor. T’ is
called the tensor product of T and T/ and is denoted T” ® T’. The generaliza-
tion of the definition to arbitrary tensors is straightforward. The tensor product is
associative but is not in general commutative. It is distributive over the addition.

Let us consider an arbitrary tensor that we shall suppose for instance 3-covariant
and 1-contravariant:

—

T(U,®,V,W)
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Let us chose a basis S of 7. According to the linearity of T, one has:
T(U, 8, V,W)=T(> U'&;,» o€, Z &, Z wig) ,
( J

T(U,® V,.W)=> U'S;VW'T(E,e,&,6) .
ijkl
With the convention of summation on the repeated indices which will be omitted in
the sequel except explicit mention of the contrary, it holds:

T(U,®,V,W) =U'd,VEW!T/,, |

where the n? scalars Tij x = T(&;,e’,8,8&) are called the components of the tensor
T in the basis S. Observing that:

Uld,;VEW! = '(0) &;(®) ¥ (V) e (W) = (e 0 &0 e @ e) (U, ®,V,W) ,
we obtain: o
T=T/ne' @& e ®e .
The n? tensor products €' ® € ® e’ @ el form a basis of the linear space of the
3-covariant and 1-contravariant tensors. Let T, ", be the components of the tensor

in another basis S’ = S P. The components of the tensor are modified according to
the transformation law:

mst —

T, = P (PY PR T,

It defines a right action of GL(n) on the set of the component system T =
(T7 k1)1<i j k. 1<n identified to R™. 11 is a linear representation of GL(n) of dimension

4
n:

T =p(P)T .
Fixing the value of the arguments U and W in the previous mixed tensor, the
scalar:
A=T(U,®,V, W),

linearly depends on ® and V. Hence, there exists a 1-covariant and 1-contravariant
tensor T such that A = T(®, V) then a linear mapping A such that T = A

Ve eT*VeT, T(U,& VW) =aA\V)).
Owing to [[2.27] and using the convention of summation, the trace of A:
Tr(A) = e"(A(8,)) = T(U,e", 8, W) ,

does not depends on the choice of the basis and linearly depends on U and W, then
it is a 2-covariant tensor T defined by:



independant of the choice of the basis and called a contracted tensor of T. Its
components are:
Tt = T

mTt Y

hence the rule: we give the same value r to a superior index and to an inferior one,
next we sum for r varying from 1 to n.
Let us consider a linear map R mapping a 2-covariant tensor

T = Tklek ® el s
onto a 2-contravariant tensor:
R(T) = TklR(ek (9 el) .
Thus, putting RV = R(e* @ e!)(e! @ e), its components are:
[R(T)]” = RMTy, .
Denoting R the tensor admitting the Rkl ag components, one has:
y . ijkl
R(T)Y = [ReT| ",
hence the tensor R(T) is obtained by contracting twice the tensor R® T. The
operation (R, T) — R(T) is called a contracted product. The twice contracted
product is often simply denoted by R : T and, similarly, the once contracted product
by R - T. In particular, the contracted product of a 1-covariant tensor ® and a 1-
contravariant tensor V is the value of the linear form ® for the vector V:

& V==aV).

Conversely to free indices i, j, the summation indices k,[ can be renamed and for
this reason they are called dummy indices.

The representation of the vector valued tensors is similar. For instance, let us
consider a 2-contravariant tensor T. Let (7j,) be a basis of the target space R.
Hence, it reads:

T = T,
with:
T = T%' @ e .

Finally, let us say some words about two important types of tensors. Let T be
the n x n matrix of wich the element at the intersection of the i-th line and j-th
column is the component T;; of a 2-covariant tensor T. Then the transformation
law reads in matrix form:

T =PI'TP. (13.2)
A 2-covariant tensor T is symmetric (resp. skew-symmetric) if:

VYV, Vo €T, T(V1,Vs) = T(Va, Vi) (resp. T(V1,Vy) = —T(Va, V1)),
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hence:
Tij =Ty (vesp. Ty = —Tj) .
Let T be the n x n matrix of which the element at the intersection of the i-th

line and j-th column is the component T% of a symmetric 2-contravariant tensor T.
Then the transformation law reads in matrix form:

T =plTpT. (13.3)
A 2-contravariant tensor T is symmetric (resp. skew-symmetric) if:
VO, &y €T,  T(Py,®2) =T(P2,®1)  (resp. T(P1,P2) = —T (P2, ®1)),

hence:
TY =17 (resp. T% =-T7").
With the previous conventions, the contracted product of a 2-contravariant tensor

R and a 2-covariant tensor T is the dot product (I2.4]) of the matrices R and T
gathering their respective components

R:T=RT;=R:T.

The extension of tensor Algebra to vector valued tensors is straightforward. For
instance, a 1-covariant tensor T defined on the linear space 7 of dimension n with
vector values in the linear space R of dimension p is a linear map from 7 into R.
Let (€;) be a basis of 7 and (n’) a cobasis of R. if V = T (U), then because of the
linearity of T and n':

Vi=n'(T(U’§;)) = T;U7
where the np components T; = n'(T(€;)) of the tensor are the elements of the
matrix 7" representing the linear map in the considered basis. Let P (resp. Q) be
~

the transformation matrix of the change between (€;) and a new basis (ej) (resp.

(7;) and (77;). As the linear map is represented in the new basis by the equivalent

matrix (12.26):
T'=Q TP, (13.4)

the transformation law of the tensor reads in indicial notation:

T/ =(Q 1) PIT! (13.5)

13.2.2 Affine tensors
An affine tensor is an object:

e that assigns a set of components to each affine frame f of an affine space
AT of finite dimension n,

e with a transformation law, when changing of frames, which is an affine or
a linear representation of Af f(n).
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With this definition, the affine tensors are a natural generalization of the classical
tensors defined at the previous section and that we shall call linear tensors, these
last ones being trivial affine tensors for which the affine transformation a = (C, P)
acts through its linear part P = lin(a).

An affine tensor can be constructed as a map which is affine or linear with respect
to each of its arguments. As the linear tensors, the affine ones can be classified in
three families.

The basic p-covariant affine tensors (or covariant affine tensors of rank
p) are the multiaffine maps:

p times

T: AT x AT x--- AT = R: (aj,as, -+ ,a,) — T(aj,as, -+ ,a,)

The set of the p-covariant affine tensors is a linear space and is denoted R® (®1A*T)
or more simple ®1A*T if R = R. They generalize the affine forms which are 1-
covariant affine tensors. Other kinds of affine tensors can be generated by taking
linear parts. For instance, from a 2-covariant affine tensor T, we can derive other
2-covariant affine tensors:

e the two linear part, lini(T) : 7 x AT — R and lina(T) : AT x T — R such
that:
(lz’nl(T))(albl,ag) = T(bl,ag) — T(al,ag) s

(lina(T)) (a1, asby) = T(a1, by) — (a1, as) .

e By taking the linear part of lini(T) as function of its second argument (or the
linear part of ling(T) as function of its first argument), we obtain the bilinear
part of T, a 2-covariant linear tensor such that:

—
aiby,asbs

(linlgT)( ) = T(bl,bg) — T(bl,ag) — T(al,bg) + T(al,ag) .

The basic ¢g-contravariant affine tensors (or contravariant affine tensors
of rank ¢) are the multilinear maps:

q times

T:A*TXA*TX--'A*T%RZ(‘I’M‘I’Q,“' ,‘I’q)l—>T(‘I’1,‘I’2,--- ,‘I’q)

The set of the g-contravariant tensors is a linear space and is denoted R ® (R7A™T)
or more simple @IA**T if R = R. A particular attention is paid to the most simple
ones, the 1-contravariant affine tensors T' with scalar values of which the set is the
dual AT = (A*T)* of the affine dual space, then a linear space of dimension
(n+1). As above, we claim that T'(¥) = ¥(T'). We denote 1 the constant function
defined by 1(a) = 1. Among the elements of A**7, we can focus our attention on
the two following kinds:
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e For any !7 € 7T, the map U defined by U(®) = (lin(®))(U) is such that
1(U) =U(1) = 0 and verifies (I3.1]). Hence the vectors of 7 can be identified
to the elements of the linear subspace of equation 1(T") = 0.

e For any a € AT, the map a defined by a(¥) = ¥(a) is such that 1(a) =1 .
If b=a+ U, one has:

b(¥) = W(a+U) =¥(a)+ (lin(®)(U) = a(®) + U(®) = (a+ U)(P)

As the affine form W is arbitrary, this define an action (&,U) — a+U. Hence
the points of A7 can be identified to the elements of the affine subspace of
equation 1(T') = 1.

a—y Unlike the bidual 7** which can be identified to 7T, the vector space A**7T
is distinct from the affine space AT but contains it, reason for which it is called the
vector hull of AT.

The mixed p-covariant and ¢-contravariant affine tensors are the p-affine
and ¢-linear maps:

p times q times
. .

T:AT x - AT X A*T x - - AT - R:

(ab'" 7ap7‘I’17"' 7‘I’q)'_>T(a17"' 7ap7\1117"' 7‘Ilq)

The order in which the arguments appear in T must be specified. To simplify, we
choose here to order the arguments starting with all the points of AT and following
with all the forms of A*7T. The set of the p-covariant and g-contravariant affine
tensors is a linear space and is denoted R ® (®PA*T) ® (®IA**T) or more simple
(RPA*T) ® (1A™T) if R = R. For instance, the linear maps from A*7 into 7*
are mixed l-covariant and 1-contravariants affine tensors through the identification
of the linear map p with the tensor fi defined by:

A(0, %) = (u(¥)0 . (13.6)

The generalization to the affine tensors of the concepts of tensor product, con-
tracted tensor and product is straightforward. For instance, the tensor product
of a point a and a vector U is the 2-contravariant affine tensor a @ U such that

(a ® U) (‘I’l, ‘I’Q) = a(\Ill) U(‘I’Q) .
It is worth to remark that putting for a 1-covariant affine tensor:
U = y1+ e, (13.7)
we recover ([I2.33]) with the convention:

e'(a) = e'(aga) . (13.8)



Let us consider now a 2-covariant affine tensor T and an affine frame f of origin
agy and basis S. Hence:

T(ai,a2) = T(ao + apai, ap + apas) ,

T(al, ag) = T(ao, ao) + (linl(T))(agal, ao)
+(lin2(T))(a0, aoag) + (lin12(T))(a0a1, aoag) .
Taking into account agai = UL€;, apai = UL€; and the linearity, one has:
T(a1,az) = Too + U{Too + U3 To; + UUSTy;

where:
Too = T'(aop, ao), Tio = (lin1(T))(€;,a0) ,

T()j = (ling(T))(ao,éj), T’ij - (l2n12(T))(€27él) .

are called the components of the affine tensor. Observing that 1(a;) = 1(aq) =1,
Ui = €'(ay) and U} = €'(az) with the convention (I3.8)), we obtain:

T:T001®1—|—Tigei®1—|—T0j1®ej+Tijei®ej .

If the points a; and ay are respectively represented in a given affine frame f by the

gathering the components of T into a (n + 1) X (n + 1) matrix T, its value for
a; = f(U1) and ay = f(Us) is U T Us. Then the transformation law reads in
matrix form: 3 o

T'=P'TP.
A 2-covariant affine tensor T is skew-symmetric if:

Vaj,a; € AT, T(a1,a2) = —T(az,a1) .

In a similar way, we can study a 2-contravariant affine tensor T. Taking into
account the decomposition (I3.7) and the linearity, its value reads:

T(P,¥) =T(x1+ e, x1 + ;e")
T(®,¥) = xxT% + &, x T+ x®; TV + &,0,; T .
where we defined the components of T
T =7(1,1), TY=T('1), TY=T®1,¢)), TV =T(ee).

Observing that x = ¥(ag) = ao(¥) and &, = ®(€;) = (lin(P))(€;) = &(P), it
holds: ‘ ' -
T:T00a0®a0+T20€i®a0—|—T09a0®é’j+T”€i®€j .
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If the affine forms ¥ and ¥ are respectively represented in a given affine frame f
by the (n + 1)-rows:

\P:(X (I))7 \i:(i i))a

gathering the components of T into a (n+ 1) x (n4 1) matrix T, its value is U7 o7,
Then the transformation law reads in matrix form:

T =plTpT. (13.9)
A 2-contravariant affine tensor T is skew-symmetric if:
Yo, ¥, € A*T, T(‘I’l,‘Ilg) = —T(‘I’g, ‘I’l) .

The reader can easily verify that mixed 1-covariant and 1-contravariants affine
tensors 1 defined by (I3.6) can be decomposed with respect to the affine frame f
according to: ‘

fo=poie @ag+pje €,
where the affine components of i are defined by:

Hoi = ﬂ(élv 1), Ng = [1(&;, ej) :

13.2.3 (G-tensors and Euclidean tensors

A subgroup G of Aff(n) naturally acts onto the affine tensors by restriction to
G of their transformation law. Let F be a set of affine frames of which G is a
transformation group. The elements of F; are called G-frames. A G-tensor is an
object:

e that assigns a set of components to G-frame f,

e with a transformation law, when changing of frames, which is an affine or
a linear representation of G.

The corresponding basis of a G-frame is called a G-basis.

For instance, the linear tensors are GL(n)-tensors and the Euclidean tensors
of R? are E(3)-tensors. As they are often used, let us give some more details in a
slightly more general framework.

The (covariant) metric tensor G on a linear space 7 is a symmetric 2-
covariant tensor which is nondegenerate:

vUe7, GU,V)=0 & V=0.

The value of the metric tensor for U and V is called their scalar product and
denoted U - V. The symmetric regular matrix G gathering the components G;; =
€; - €; is called Gram’s matrix. Thus, it holds:

GU,V)=U-V=U"aV,
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where U and V are the columns gathering respectively the components of U and
V. The transformation law reads in matrix form:

G =PT'GP.

A linear space equipped with a metric tensor is called an Euclidian space. For
instance, R"™ and M,m equipped with the dot product are Euchdlan spaces.

To every vector U is associated one and only one linear form V G(U V) de-
noted U. The covariant components of U depends on the contravariant components
of U through the operation of lowering the index:

Ui = Gi;U?

The elements G* of the inverse G~! of Gram’s matrix are the components of a 2-
contravariant tensor G~ called contravariant metric tensor, hence the reverse
operation of raising the index:

Ul =G"U; .

An orthogonal basis is a basis for which Gram’s matrix is diagonal. The number
p (resp. ¢ = p — n) of positive (resp. negative) elements of the diagonal does
not depends on the choice of the orthogonal basis. The couple (p,q) is called the
signature of the metric. An orthonormal basis is a basis for which the diagonal
form A of Gram’s matrix is composed of p elements equal to +1 and ¢ elements
equal to —1 and the other vanish. The set Q(p, ¢) of the transformation matrices P
such that:
PTAP=A,

is a subgroup of GL(n). The set of E(p, q) of the affine transformations a = (C, P)
where P € O(p,q) is a subgroup of Aff(n). Considering the E(p, q)-frames f as
being the frames of which the linear part S = lin(f) is orthonormal, we define the
E(p, q)-tensors.

If the metric is positive (p =n), O(p, q) (resp. E(p,q)) is simply denoted O(n)
(resp. E(n)), that allows to recover as particular case the definition of Euclidean
tensors. Therefore, in an orthonormal basis, Gram’s matrix is the identity of R",
that can read G;; = 0;; where the components of the identity matrix are denoted by
Kronecker’s covariant symbols d;;, hence U’ and U; has the same value.

13.3 Vector analysis

13.3.1 Divergence

Let A be a square matrix field such that def(A) C R",val(A) C My,. The diver-
gence of A is the field div A € (R™)* of n-rows such that for every uniform vector
field k(x) = C'* € R™

(div A) k = div (Ak) . (13.10)
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Choosing k as the key-columns, we deduce:
div (A, -, Ay) = (divA;,--- ,divAy,) . (13.11)

For any scalar field A\, any vector fields u,v € R"™, and any square matrix field
A € M,,,, it holds:

div (Av) = (div A)v+Tr (A %) , (13.12)
: . o))
div(AA) = Ndiv A+ %A , (13.13)
div (uwv?) = (div v) vT +ulgrad v (13.14)
. [ Ov o, ..
div <%> = %(dw v) . (13.15)

For any open domain V of R” with suitable regularity assumptions and any C*
vector field v and square matrix field A, we have Green formulae (or divergence
formulae):

/ divvdy = / nTvds (13.16)
% (%)%

/divAdV:/ nTAdS (13.17)
v ()%

the column n representing the unit normal vector to 9V, pointing away from V.

The definition (I3.10) of the divergence of a square matrix can be easily gen-
eralized to matrices of arbitrary dimensions. Let A be a matrix field such that
def(A) C R",val(A) C M,,,. The divergence of A is the field div A € (RP)* of
p-rows such that for every uniform vector field k(x) = C* € RP:

(divA)k =div(Ak) .

Choosing k as the key-columns, we deduce:

div (Ay, -+ ,Ap) = (div Ay, - ,divAy,) . (13.18)
For any vector field v € RP, and any matrix field A € M,,,, it holds:
. . ov
div(Av) = (divA)v+Tr [ A ) (13.19)

13.3.2 Laplacian
The laplacian of a scalar field is the scalar field:
AN = div (grad \) .

Let v be a vector field, such that val(v),def(v) C R"™. Its laplacian is the vector
field:
Av = (div (gradv))T . (13.20)
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13.3.3 Vector analysis in R? and curl

For any matrix field » — A(r) € M, of class C!, we call curl of A the matrix
field r — curl A(r) € M, such that for any dr, or:

or)TdA — (dr)T6A = (dr x 6r) T curl A 13.21
(or)

where dA (resp. 0A) is the infinitesimal variation of A resulting from dr (resp.
or). Alternatively, curl A is the matrix field such that for any uniform column field
k(r) = C', it holds:

curl (Ak) = (curl A) k .

13.4 Derivative with respect to a matrix

let f:M,, - R: M+ f(M) be a scalar valued matrix function of class C1. Its
derivative is a p X n matrix df/0OM defined by:

_ of _ of
For instance: 5
a—M(det(M)) =adj(M) . (13.23)
If M is regular, Cramer’s rule (I2.7) gives:
0 _ -1
8—M(det(M)) =det(M)M ™" . (13.24)

Also, differentiating (I2.6]) gives:

dM™Y = -MtaM M~ . (13.25)

13.5 Tensor analysis

13.5.1 Differential manifold

A manifold is an object which, locally, just looks like an open subset of Euclidian
space, but of which global topology can be quite different. Although many manifolds
are realized as subset of Euclidian spaces, the general definition worth reviewing.
More precisely, a manifold M of dimension n and class C? is a topological space
equipped with a collection of regular maps ¢ called coordinate charts of which

(figure [I3.1)):
e the definition sets are connected open subsets of R",

e the value sets are open subsets of M covering it,
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Figure 13.1: coordinate charts of a manifold

e the composite overlap maps Hgyy = ¢ 1 o¢, called coordinate changes, are
of class CP.

They allows to define on M local coordinate systems:

n

One often expands the collection of coordinate charts to include all possible compat-
ible charts (in the sense that the coordinate changes X = Hyy (X') are of class CP),
the resulting maximal collection defining an atlas on the manifold M. In practice,
it is convenient to omit explicit reference to the coordinate map and to identify the
points X with their local coordinate expressions X. Nevertheless, objects defined
on manifolds must be defined intrinsically, independent of any choice of local co-
ordinates. Consequently, manifolds are suitable tools to develop a coordinate-free
approach to the study of their intrinsic geometry.

The basic examples of manifolds are obviously R™ or any open subset thereof,
which are covered by a single chart. Another example is provided by the unit sphere
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St = {xc€R" st. | x|=1}, which is a manifold of dimension (n — 1). It
can be covered by two coordinate charts, obtained by omitting the north and south
poles respectively. The local coordinates are provided by stereographic projection
to R?~1. Alternatively, we can use spherical coordinate on S™~! which are valid
away from the poles. A submanifold of M is a subset which, equipped with the
topology induced by the one of M, is a manifold in its own right. The simplest
examples of submanifolds are curves (of dimension 1) and surfaces (of dimension 2).

A tangent vector to M at a point Xy € M is geometrically defined by the
tangent to a parameterized curve A — X = () passing through Xy = v(0). In
a coordinate chart ¢, the curve is represented by v, = ¢! o~. We say that two
curves v and 4 are in first order contact at X if

V = Dy, (0) = D4(0) € R™ .

This equivalence relation does not depend on the choice of the coordinate chart and
defines an equivalence class denoted [y]. As the map Sy(Xo) : V = D7,(0) — [v]
is regular, the set of equivalence classes is, by structure transport, a vector space
of dimension n called the tangent space to M at X and is denoted Tx, M. Its
elements are called tangent vectors at X(. Hence S,(Xj) is a basis of the tangent
space associated to the coordinate chart ¢. The assigment X +— Sy(X) defined on
the definition set of ¢ is called a natural frame. In contrast, an assignment of
arbitrary basis which are not related to a coordinate systems is called a moving
frame. If ¢/ is another coordinate chart, differentiating v, = Hygy © ¢ with the
chain rule provides the transformation law (I2.21)) of vectors with:

that is often simply denoted 0X/0X".

The set of linear forms on the tangent space is called the cotangent space and
is denoted T M. The tangent space equipped with a structure of affine space is
called the affine tangent space and is denoted AT'x, M. Its elements are called
tangent points at X. The set of affine forms on the affine tangent space is denoted
A*Tx, M. Of course, if the manifold M is a vector space (resp. an affine space),
it can be identified with the tangent space (resp. affine tangent space) at any of its
points.

Let M an M be manifolds of respective dimensions n and n’. A map F :
M — M’ is of class CP if for any coordinate charts ¢ of M and ¢’ of M’, the map
F =¢'oFo¢is of class CP. The tangent map to F at X € M is the linear
map:

oOF

8—X : Tx./\/l — TF(X)M/ ,

represented in the basis S, and Sy by the n' x n matrix:

OF _, OF
ax ) =9 e gx %
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Let T be a field of p-covariant tensors on M’. Its pull-back by F is the field of
p-covariant tensor F*T on M defined by:

(F*T)(X)(d X, X, - 4, X) = T(F(X)) <g—§ X, g—f{ &X, - g—)f; ﬁ) .

13.5.2 Covariant differential of linear tensors

Let M be a manifold of dimension n and class C?. We call (linear) covariant
differential at X € M a map V such that:

o if X — ff(X) is a tangent vector field and cﬁ is a tangent vector at X,
V-3 T is a tangent vector at X,

e ¢ being a coordinate chart such that X = ¢(X), there exists a linear map
dX — T'(dX) € M, such that:

VT =8VaxT  with VgxT =dl+T(dX)T . (13.26)

The covariant differential being given by I in another coordinate chart ¢’ such that
X = ¢/(X’), this entails:

I'(dX') = P~HT'(PdX') P +dP) , (13.27)

with P = 0X/0X'. By convention, the covariant differential of a scalar field is its
usual one. The covariant differential is additive:

V(R (fl —|—T2) = V(RT& —I—Vﬁfg R
and, X — A(X) being a scalar field:
Vg AT)=d\T + AV 2T .

When moving from X to the neighbour point X + dX, the infinitesimal motion of
vectors €, of the basis Sy is given by:

V3 €0 = SyVaxea = S4(Ta(dX)) =T5és . (13.28)

As T and dT' , V xT is linear with respect to dX. Hence there exists a field VT of
mixed 1-covariant and 1-contravariant tensors such that:

V= T = (VT) dX ,
and represented in the basis Sy by the matrix:

oT
VT = o5 +I(T) . (13.29)

230



As T linearly depends on dX, we introduce Christoffel’s symbols I" ﬁﬁ such that:
[3(dX) =TI zdX" . (13.30)
A covariant differential is symmetric if:
VdX',6X', L(dX)éX —T(6X")dX' =0,

or, equivalently:
Ffjﬁ = g“ . (13.31)

In the sequel, the considered covariant differential are assumed symmetric. Putting:
VT =VsT€, @€’ |

one has: 70

The covariant divergence of the vector field T is the scalar field obtained by

contraction: o
DivT =Tr(VT) =V, 1% = 5xa + T . (13.32)

The extension of the covariant differential to tensors of higher order is straightfor-
ward thanks to the rule:

n o / /
Vg (TeT)=VToT' +TeVT,
and by contraction:
Vox (T T = (Vﬁ T) T +T- (Vﬁ T . (13.33)
For instance, the covariant differential of a 2-contravariant tensor T = T &, ® €3
results from the infinitesimal variation of its components and of the infinitesimal
motion of basis vectors when moving from X to the neighbour point X + dX:
VT =dl""é,0eég+ TV én0és+ T é, 0V és,
VT =dl*é,@e+TThé, ® €3+ T*The, @€, ,
and, by renaming the dummy indices, we have:
VT =VixTé,®é;  with  VgxT =dT° +TGTH + 7T
or in a matrix form:

VaxT = dT + T(dX)T + T (D'(dX))" .
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if X — ®(X) is a linear form field and ¢ is a coordinate chart such that X =
¢(X), Vox @ is a linear form at X such that:

Vi ®=(Vax®) ;' with  Vax®=dd - dT(dX) .

The reason of this definition is to be consistent with the rule (I3.33]) because the
contracted product of a linear form and a vector is a scalar field then its covariant
differential is the usual one.

(Vax®)V + @ (VaxV) = Vax(®V) =d(2V) .

When moving from X to the neighbour point X + dX, the infinitesimal motion of
covectors e® of the cobasis S;l is given by:

Vg e = (Vaxe®) St = —(I%(dX)) S, ' = —T'ge” . (13.34)

A Riemannian metric on a manifold M is a field X — G(X) of covariant
metric tensor on the tangent spaces. A manifold equipped with a Riemannian metric
is called a Riemannian manifold. On a Riemannian manifold, there exists one
and only one symmetric covariant differential such that the covariant differential of
the metric vanishes. Indeed the latter condition reads in any coordinate system:

VaxGap = dGag — ThG s — GapTh =0

or, considering the components of these differentials:

0Gog
oxr

Writing the equations deduced from this latter relation by circular permutation of
indices, it holds, owing to (I3.31)) and the symmetry of the metric tensor:

[paHB] - FgaGuﬁ Y

where we put:

1 (0Gas  0Gs,  9Gpa
[pa,ﬁ]—2<aXp e axt ) - (13.35)

As Gram’s matrix is regular, we obtain:

T, =G" [af.p] . (13.36)

13.5.3 Covariant differential of affine tensors

The previous tensor analysis can be generalized to the affine tensors. An (affine)
covariant differential at X € M is a map V such that:

e if X — a(X) is a tangent point field and (R is a tangent vector at X, @R a
is a tangent vector at X,
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e U being the components of a in an affine frame fy of which the basis S is
its linear part, there exist a linear covariant differential V and a linear map
dX — T 4(dX) € R™ such that:

Vza=9VaxV  with  VaxV =VaxV +Ta(dX) .

The covariant differential being given by I" and I”, in another affine frame fy
obtained from fy through the affine transformation a = (C, P), this entails (I3.27])
and:

I"y(dX') = P"Y(TA(PdX') +dC +T(PdX")C) . (13.37)

Considering only linear transformations a = (0, P) and taking into account the
linearity of the map I'4, one has:

W= P7T,P,

Hence, there exist a mixed 1-covariant and 1-contravariant tensor field A represented
in Sy by the matrix A =I'4. Next we can deduce the general expression of I'4 in
any other affine frame obtained through an affine transformation a = (C, P) thanks
to its transformation law (I3.37]) which reads by inversion:

I'4(dX) = PT'y(dX") — (dC + T(dX)C) = P A'dX' — (dC +T'(dX)C) ,

or, in short:
Fy(dX)=AdX — Vy xC . (13.38)

To be consistent, the symbol V is identified to V when applied to a linear tensor.
Moreover, the covariant differential is compatible with the action of the tangent
vectors onto the tangent points, according to:

Vg (@a+U)=Vzga+VzU,

or, equivalently:

= I —

Vza =Vza+Vzaa .
The components of the origin ag of the frame f4 vanishing, its infinitesimal motion
when moving from X to the neighbour point X + dX is given by:

V. ao = Syl a(dX) = T%(dX)é, . (13.39)
Hence, the covariant differential of any tangent point field is:
@R a= @R (ap+V9,) = @R ag +dV4éE, + VO‘@R €n ,
that leads to:
Vga=Vax VO,  with  VaxV®=Vax V*+T5(dX) .
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There exists a field Va of mixed 1-covariant and 1-contravariant tensors such that:
Vd=(Va) dX ,

As T' 4 linearly depends on dX, we introduce —by analogy with Christoffel’s symbols—
new symbols Fjﬁ such that:

I'%(dX) =T%dX" . (13.40)
Thus one obtains:
Va=VaV*e, e’  with VaV*=VaV*+T%;,
where, according to (I3:38):
G = A —VC* . (13.41)
The covariant divergence of the point field a is scalar field:
Diva=Tr(Va) =V,V* =V, V*+T%, .

The generalization of the covariant differential to affine tensors of higher order results
from the rule:
= n = / = /
VzTeoT)=VaTeoT +TeV T . (13.42)
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