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and lastly, that in every axial correlation which, besides satisfying the
six conditions in question, has an axis <rx passing through a given point
Ai == Bj, the line corresponding to that point, being an indeterminate line
through a determinate point of the associated axis <r9,.will not, in general,
pass through two given points A2, Ba, although each of these points, as
indeed any point whatever of the plane, may properly be regarded as
conjugate to Ax = B^

In illustration of the first of these theorems, it may be noted that the
number of solutions [4000], as also the number [3100], is the same as
the number [3020] = 1 (art. 42), because the system of correlations
satisfying the six conditions (3000) does not contain any axial ones
having an axis passing through an arbitrary point (art. 69). )Again,
the number [2200] is zero, or less by one than the number [2120] = 1,
because amongst the correlations which satisfy the six conditions (2100)
(art. 70) there is, clearly, an axial one whose axis passes through an
arbitrary point of the second plane; it passes also through the given
point in that plane, and has, for associate, the line joining the two given
points in the first plane.

I may observe, in conclusion, that by means of the above two theorems
wo might, without difficulty, deduce successively from the well known
result [4000] = 1, or from the still simpler one [2200] = 0 , all those,
contained in the table of art. 42, in which on even number of pairs of
conjugate points or conjugate lines are involved.

On the Free Motion of a Solid through an Infinite Mass of Liquid.
By Prof. H. LAMB, M.A. (Adelaide).

[Read May 10, 1877.]

Let us suppose that we have a solid body of any form immersed in
an infinite mass of perfect liquid, that motion is produced in ibis
system from rest by the action of any set of impulsive forces applied to
the solid, and that the system is then left to itself. The equations of
motion of a body under these civcumstances have been investigated
independently by Thomson* and by Kirchhofi',t and completely inte-
grated for certain special forms of the body. The object of this com-
munication is, in the first place, to examine the various kinds of per-
manent or steady motion of which the body is capable, without making
any restrictions as to its form or constitution; and, in the second, to

• Phil. Mag., Nov. 1871.
f Crcllc, Baud 71 (1869—70). Soo also YotUsungen iiber Muchanik, by the same

Author, cli. xix.
VOL. VIII.—NO. 121. T
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show that, when the initiating impulses reduce to a couple only, the
complete determination of the motion can be made to depend upon
equations identical in form with Euler's well-known equations of
motion of a perfectly free rigid body about its centre of inertia,
although the interpretation of the solution is naturally more complex.
It will be seen that a very liberal use has been made, throughout, of
the ideas and the nomenclature of the Theory of Screws, as developed
and established by Dr. Ball.

1. Whatever be the motion at any instant, we may suppose it to
have been produced instantaneously from rest by a properly chosen
system of impulsive forces applied to the body. This system when
reduced, after the manner of Poinsot, to a force and a couple whose
axis is in the direction of the force (or, in Dr. Ball's nomenclature, to
an impulsive wrench), is called by Thomson* the "impulse" of the
motion at the instant under consideration. The same writer has shewn,
in a manner which admits of considerable simplification, that when no
external impressed forces act, the impulse is constant in every respect
throughout the motion. This is expressed analytically as follows :—
Let us take a system of rectangular axes as, y, z fixed in the body, and
let ut v,w be the velocities of the origin parallel to, p, q, r, the angular
velocities of the body about, the instantaneous positions of these axes.
Further, let {, 17, £, X, fi, v be the components, relative to the same
axes, of the force- and couple-resultants of the impulse. The following
equationsf express that these latter quantities only vary in consequence
of the motion of the axes to which they are referred:

d£ r dn * t d( t
~J7 = rr) — S>> "37 = P+—r*» ~TT = = 2*—PI*
at at at

at
dv_
dt

The motion of the fluid being entirely due to that of the lolid, the
total energy, T, of the motion is a quadratic function of u, v, to, p, q, r,
with constant coefficients ; so that we may write

2T = Au*+Bi?+Cioi+2A'vw+2Bfwu+2(y<w

+2p(Lu

+ 2r (L"u+U"v+Ww) (2),

• Edin. Trans., Vol. xxv., 1869.
f See a paper by Mr. Hayward, Camb, Tran$.t Vol. x.
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where A, B, 0, &o. are certain constants depending on the shape of the
body and the distribution of matter in its interior, determinable by a
transcendental analysis whose nature has been exhibited in a very
elegant manner by Kirchhoff {I. c ) .

The values of £, i), £, &o. in terms of w, v, to, &o. are then given by
the formuloe

e r \ _ dT dT dT dT dT dT / < n

as may be shewn by processes identical with those employed in Thom-
son and Tait's Natural Philosophy, Art. 313.

2. Kirchhoff has observed that the equations (1) are satisfied by
u, vt w all constant, and f, q, r zero, provided we have

dT dT dT
du dv _ dw

that is, provided the velocity of which u, v, to are the components be
parallel to one of the principal axes of the ellipsoid

Axi+Byi+Ct>+2A'yz+2B'zx+2G'xy = const (la).
There exist, therefore, for every body three mutually perpendicular

directions of permanent translation; that is to say, if the body be set
in motion parallel to one of these directions, without rotation, it will
continue to move in this manner. It is worthy of remark that these
directions depend on the shape of the body, and not at all on the dis-
tribution of matter in its interior, or on the density of the surrounding
fluid.

The above, although the simplest, are not the only permanent or
steady motions of which the body is capable. In fact, the conditions
that (1) should be satisfied by constant values of n, v, w, &o. are equi-
valent to only four independent relations between the five ratios
u : v : w : p : q: r; viz., the first three of equations (1) give

and the last three give, when combined with these,
X — h u _ u — h v __ v-~hw r _ ,

There exists, then, a simply-infinite system of possible steady
motions. These motions consist each of a twist about a certain screw ;
and the axes of this system of screws lie on a certain skew surface,
which is, of course, fixed relatively to the body.

The axis of the impulsive wrenoh nccossary to produce motion ao-
2
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cording to one of these screws is the same with that of the screw. For
(4) express that the axes of the screw and wrench are parallel, whilst
the conditions that they should be coincident may be easily shewn to be

\p—lu fig—try vr—iw
f ~ 2* *F~'

and we see, from (4) and (5), that each of these fractions is, in fact,
equal to k. Indeed, it is otherwise obvious that the motion of the
body about any assigned screw is steady when, and only when, it does
not affect the configuration of the " impulse," fixed in space, relatively
to the body; that is, when the axes of the screw and corresponding
impulsive wrench coincide.

The pitches, however, of the screw and wrench are in general dif-
ferent. Calling (c the pitch of the screw, K that of the wrench, we have

__pu+qv+no
h*

by (4.) and (5), so that k = h (*'-«;)

The expression for the kinetic energy may now be written

where w is the angular velocity

.(6).

+r*.

3. If in (4) and (5) we substitute the values of £, % (, &o. from (2)
and (3), we get the following system of equations:

&c.
(L-h)p + L'q + L"r+

&c.
ku+C'v+B'w = 0,

&c.

(7),

whence* on elimination of the ratios u : v : w : &c., we derive the fol-
lowing relation between h and k:

V-k,

Q'!
L-h,

M,
N,

R', Q',
I, jy

Id, X ,

F, n-k,
L', L",

M'-*, M",
N',
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L\
L",
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N"-/i, B',
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M",
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N
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C

If we assign any arbitrary value whatever to h, this equation gives
ns three corresponding values of k ; and, taking any one of these and
substituting in (7), wo get a system of linear equations to determine
the values of the ratios u : v : w : &c, and thence the axis and pitch
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of the corregjioiiding permanent screw. .The three values of h corre-
sponding to any given value of h are all real; and the axes of the three
corresponding screws are mutually at right angles, although they do
not in general intersect. To prove these statements, let the axes of
oj, y, z (fixed in the body) be chosen parallel to the three directions of
permanent translation, so that, we have A', B', C all zero. The last
three of equations (7) then give us at once u, v, w in terms of p, q, r;
whence, substituting in the first three, we get to determine p : q '. r
and k three equations of the form

= Jfcr

and the truth of the above statements then follows by known theorems.
It also appears that two values of h corresponding to the same value
of h cannot coincide unless h satisfy two independent conditions, which
is in general impossible. This shews that the skew-surface which is
the locus of the system of permanent screws consists of three distinct
sheets.

If, on the other hand, in (8) we assign any arbitrary value to k, we
get an equation of the sixth degree to determine h. The roots of this
equation, when all real, determine by means of (7) a system of six co-
reciprocal screws; that is to say, a wrench of the type of any one of
the screws does no work on a body moving according to any other
screw of the system. Let the suffixes x and s relate to two screws of
the system; the condition that these should be reciprocal is

plui + qlva-\-rlivi+piul-rqivl-r-riwl = 0 (10).

Now in the six equations (7) suppose the suffix , attached to the
symbols h, u, v, w, &G. ; then, multiplying these equations by pt, qiy r8,
tij, va, wt in order, and adding, we find

. MJp9«l+fct>i+»aWi+l>i«»+?it>s+r1tt>,) (11),

equal to an expression symmetrical with respect to , and 9, viz. to

which mast therefore also be equal to

KiPiUi + frVi+raWi+PiUi + QiVi + r^O)) (12).

But, Jij, hi being in general different, (11) and (12) cannot be iden-
tical unless (10) is satisfied.

4. Of the infinite number of groups of six co-reciprocal screws which
may be chosen out of tho system of permanent screws belonging to the
body, there is one deserving of special notice. It is that in which each
screw of the group has the same pitch as the impulsive wrench neces-
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sary to produce motion about that screw only. The condition for this
is, by (6), &=0, and there is no difficulty in showing that in this case
the roots of (8) are all real. Consider, in fact, the determinant on the
left-hand side of (8), and the subsidiary determinants obtained from it
by erasing, first, the first row and column; next, the first two rows and
columns; and, again, the first three rows and columns; and suppose k
put = 0 in each. We have thus a series of four determinants, each of
which is symmetrical; and the argument employed by Salmon, Higher
Algebra, Art. 44, shews that, when h is varied, no change in the
number of variations of sign in the series can take place, except whun
h passes through a root of (8). Now, when 7i=0, the sign of each
member of the series is + , by virtue of the well-known conditions
necessary to ensure that the expression for 2T in (2) shall be positive
whatever values be assigned to the variables u, v, wt &o. Again, when
&= ±oo, the signs are —I 1-; that is, there are three variations of
sign in the series.

Hence the equation (8) (with & = 0) has six real roots, three positive
and three negative. The six determinate screws thus obtained (of
which three are rigbt-handed, three left-handed) may be called the six
principal screws of inertia of the dynamical system. The name is due
to Dr. Ball, who has pointed out the existence of such a set of screws
for the case of a perfectly free rigid body.

5. Oat of the infinite system of permanent screws we may form,
besides the sets of co-reciprocal screws considered in Art. 3, sets of
another kind, of at least equal importance. Two screws, such that the
impulsive wrench necessary to produce motion according to one of
them does no work on a body moving according to the other, may be
called conjugate. We may obtain sets of faix mutually conjugate per-
manent screws in the following manner :—Let us write, in (8), k = dh;
this equation then gives, corresponding to any arbitrary value of 0, six
values of h. When these are all real, we have in (7) a system of linear
equations to determine the ratios u : v '. w : &c. in the several screws
of the set. Let the suffixes x and s refer to any two screws of the system.
The condition that these should be conjugate is that the expression

^r, (13)

should vanish. Now, by (4) and (5), we may write this expression in
the form

P (14).

But when for Ev 17,, £„ Ac. we substitute their values obtained from
(3) and (2), (13) assumes a form which is, of course, symmetrical with
respect to , and ,. Hence it must also be equal to an expression iden-
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tical with (14), except that h, is written for h^. Since h^ ^ are in
general different, this requires that (14), and therefore (13), should be
zero. The six screws corresponding to any given value of 6 form,
therefore, a mutually conjugate system.

Among these systems is included, of course, that of the six principal
screws of inertia, obtained by making 0=0.

Tbe system which comes next in importance is found by making
0=oo . The equation (8) has then three of its roots infinite, and three
zero. The infinite toots correspond to the three permanent translations
of Art. 1; tbe zero roots give three screws such that, if the body be
struck by an impulsive couple about the axis of one of these, ib will be
set iu permanent motion about that screw.

6. The existence of this last set of three screws may be verified by
observing that the equations (1) are satisfied by (, tj, ( = 0, provided
we have at the same time

[]
p q r

The directions of their axes, relatively to the three directions of per-
manent translation, are determined by the values of p : q I r, obtained
from (9), where we now have

m , _ - p , I / I /

&c.

We infer that the axes are mutually at right angles, and that the
three corresponding values of k, which I denote by hlt &,, fe8, are real.
By putting 7i=0 in (8), we see that kv k2, ks are, moreover, essentially
positive, as is otherwise dynamically evident.

The interest, of this set of screws rests on the fact that, when they
are known, tbe motion of the body, when set in motion by any impul-
sive couple whatever, can be completely determined. In fact, let the
initiating couple be resolved into three components F, G, H about the
axes of the three screwB, and let KV K2, C3 bo the pitches of the latter.
Then the motion of the body at any subsequent instant is made up of
motions su st, ,s8 about these screws; viz., st denotes a rotation with
angular velocity st about the axis of the first screw, accompanied by a
translation with velocity ^ 8X parallel to this axis ; and similarly for
«„•'«,. The initial values of these quantities are given by the tbrniulto

fcj«, = P, fc,», = G, fc,«,= H;
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and their values at any subsequent time t by the equations

«, -7— — ("^"""v sts8

Kg -rr- = ( « 8 — « , ) S8 Sx (15).

These equations may be proved by putting I, t), £ = 0, and p, q, r =
eu «j, 58, respectively, in (1) ; they express simply that the couple whose
components are fcjS,, fr2s2> &as8 is fixed in space. They are identical in
form with Enler's equations of rotation of a perfectly free rigid body,
which are, indeed, a particular case of (15), obtained by supposing the
density of the fluid surrounding the solid to be zero. The solution of
(15) may therefore be regarded as known ; but its interpretation re-
quires a knowledge of the properties of the ternary screw-complex, some
of which are enumerated in the next Article.

7. The screws about which motion can be produced by the action of
an impulsive couple only form a doubly-infinite system, coordinate (to
use Dr. Ball's expression) with the three permanent screws, above-men-
tioned. The properties of this system, which are the same as those of
the general ternary screw-complex, may be obtained as follows:—The
three permanent screws may be considered as lying along alternate
edges of a rectangular parallelepiped; let us take as axes of coordinates
lines drawn through the centre of this parallelepiped parallel to its
edges. The equations to the axes of the three fundamental screws are
then of the forms

y — -g, z = h;
z=—h, x—f;

* = -/, y = g
respectively; and if KV K3, *8 be the pitches of these screws, a unit
motion according to any other screw of the coordinate system (whose
direction-cosines are, say, I, m, n) is equivalent to rotations Z, m, n
about the axes of as, y, z, and to a translation of the origin whose com-
ponents, parallel to the same axes, are

KXI — mh—ng, K3m—nf—lh, K^n—lg—mf
respectively. This translation is, therefore, perpendicular to the plane
conjugate, with respect to the quadric

Klx* + K3y*+Ktz
%—2fyz—2gzz — 2hxy = const (16),

to the direction (I, m, n) of the axis of the screw, and the pitch K of
the latter is given by the formula

ityi' — 2fmn—2gnl—2hhn\
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i. e., it is inversely proportional to the square of the diameter of (16)
drawn in the same direction. The principal axes of (16) coincide,
therefore, with the axes of three screws of the system. The properties
of the latter are then best investigated by taking the three axes last-
mentioned as axes of coordinates. If a, &, c be the pitches of the cor-
responding screws, the equations to the axis of the coordinate screw
whose components are Z, ra, n, are

al + mz—ny _ —zl + bm + nn _ yl—xm + cn
m n {U)*

and its pitch is K = aP-f- bmP+cn*.
Through any point (s», y, z) pass the axes of three screws of the

system; for we have, to determine I : m '. n and *, the equations

(a—K) I -f zm— yn = 01
-zZ+(&-i t )m + an=zQV (18).

yl — xm +(c—*.)n = 0J

Hence K is given by the cubic
(a_K)(ft _K)(c_,c) + ( a - <c) »s + (&-K) if + (c-K) Z" = 0 ....(19).

The three values of K hence derived, of which two are imaginary
when (x, y, z) lies beyond a certain region in the neighbourhood of
the origin, give, on substitution in (18), three determinate sets of
values of the ratios I : m '. n. The form of (18) shews that all the
screws of the system having a given pitch lie on a certain hyperboloid.
The axes of all the screws of the complex may therefore be obtained
by taking one system of generators of each of the series of hyper-
boloids obtained by giving K, in (19), all values intermediate between
the algebraically greatest and least of the quantities a, b, c. They may
also be found in the following manner :—Construct the quadric

aa;8 + ty9+C29 = e8 (20),

e being any arbitrary quantity; and from the origin O draw any radios
vector OP meeting (20), or the conjugate surface (obtained by chang-
ing the sign of e), in P. The pitch K of that screw of the complex

e8

which is parallel to OP is ic = ^55. Now let OM be the perpendicular

from 0 on the tangent plane at P, and along the normal through O to
the plane POM measure off a length OlT = K tan POM. The sense in
which this line is to be measured is that in which a rotation of the
same sign as K about OP would tend to carry the point M. A line
through N, parallel to OP, will be the axis of a screw of the complex,
of pitch K.

It is easily seen that the point whose coordinates are (c— &)fnn,
(a—c)nl, (b—a)lm lies on the straight line (17) ; in fact, that it is
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the point N of the above construction, the rest of the proof of which
then follows without difficulty.

We see that the axes of the various screws of the complex all pass
within a certain finite distance of 0, so that at a great distance from 0
they present the appearance of a system of straight lines radiating
from a point.

The properties of the complex are determined by the quadric (20).
To find the form and position of this surface, we may proceed as fol-
lows:— Starting from the general expression for 2T in Art. 1, we first
change the directions of the axes of coordinates so as to coincide with
the principal axes of (la), so that we now have A', B', C = 0. Next,

transfer the origin to the point whose coordinates are -jr- ( ^— -pr ),

1 / N L"\ 1 / L ' M \ ., . „ T , T,, . ,,
•o"V7r ""!["/• "Q ("A if/ ' n e W v a^u e s °* k ' L , &o. then
satisfy the following conditions:—

B ~ C ' C~ A ' A B *

The new origin is the point O of the present Article.
The equation to the quadric (20), referred to the now axes, is

L $ J M ' , , N" , , / M " , N ' \ , / N , L " \ , / L ' M

= -«" (21).
The theorems of the present Article are not, I believe, all new; •

but I am not aware to what extent the above investigations of them
are so.

8. We are now prepared to construct the solution of (15). The
motion of the body may be considered as made up of two parts, the
motion of the point O above defined, and the motion relative to O.
The latter is given at once by Poinsot's well-known construction;
viz., if we construct the ellipsoid (fixed in the body), whose equation,
referred to axes through O parallel to the three fundamental sorews, is

&, »* + fcs y
% + 7i;8 z

% = me'4,
(where in, e, are two quantities of the nature of a mass and a line,
respectively), and the plane (fixed in space) whose equation relative to
the initial positions of the above axes is

* See the Postscript to Dr. Ball's paper in the Phil. Trans, for 1874; also Art. 31
of a paper by Prof. Everett, " On a New Method in Statics and Kinematics," in the
Messenger of Mathematics, 1874. I may perhaps be allowed to mention that my
knowledge of the Theory of Screws is derived almost entirely from the two sources
hore indicated; I havo not Been, and have not access to, Dr. Ball's papers in tho
Trans. R. I. Academy.
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the angular motion of the body is obtained by making the ellipsoid roll.

V2T 01— . -f about the radius vector

drawn to the point of contact I.
The representation of the actual motion may then be completed by

impressing on the whole system of rotating ellipsoid and plane a motion
of translation equal to that of 0, obtained as follows. Construct the
quadric (20) or (21), and let 01 meet it in P. The motion of 0 at any
instant, is in the direction of the normal OM to the tangent plane to

/2T e8 01
this quadrio at P, and its velocity is * / — . ,„ '„ Mr.

V m e ' .OP.OM
Suppose the body to be set in motion according to one of the three

fundamental screws of this and the preceding Articles, and then slightly
disturbed, say by an infinitely small impulse. It is plain, from the
analogy with the theory of the rotation of a perfectly free solid about
its centre of inertia, that if the disturbing impulse reduce to a couple
only, the motion is stable about either of the two screws for which h is
respectively greatest and least, and unstable about the remaining screw.
It is not difficult, with the help of equations (1), to extend these con-
clusions to the case when the disturbing impulse is any whatever.

9. For particular varieties of the moving solid, the nature and relative
configuration of the various screws considered in the preceding theory
become, of course, greatly simplified. For instance, suppose the body
to have a plane of symmetry, as regards both its form and the distribu-
tion of matter in its interior, and let us take this as tbe plane of xy.
It is easy to see that the energy of the motion must be unaltered if we
change the signs of w, p, q. This requires that A', B', P*, Q', L, M,
I/, M', N" should all vanish. The axis of z is then one of the axes of
permanent translation; the other two are at right angles in the plane
ay. The pitch of each of the three fundamental screws of Art. 6 is
zero ; the axis of one of them is parallel to z, and those of the other
two are in the piano xy, but do not in general intersect the first axis.
The quadrio (21) reduces to a hyperbolic cylinder.

Again, let us suppose that the body has a second plane of symmetry,
at right angles to the former one; and let us take this as the plane of
zx. We find, in the same manner as before, that the coefficients C, R',
N, L" must now also vanish. The three directions of permanent
translation are then parallel to the axes of coordinates. The axis of at
is the axis of one of the fundamental screws, (now pure rotations,) and
the axes of the other two are perpendicular to this, one in each plane
of symmetry, but do not in general intersect it in the same point. The
quadric (21) is a hyperbolic cylinder asymptotic to the two planes of
symmetry.
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Finally, if the body has three planes of symmetry, mutually at right
angles, the expression for 2T reduces to the form

2T = Aa '+Bi^+CV+P^+Q^+Rr 9 .

In this case the axes of coordinates are the directions of the perma-
nent translations, and also the axes of the three permanent rotations
which could be produced by the action of impulsive couples only.

Let us next consider another class of cases, where the body has no
plane of symmetry, but has a sort of skew symmetry with respect to a
certain axis ; viz., it is identical with itself turned through two right
angles about that axis. An instance is the screw-propeller of a ship.
Let us take the axis above mentioned as axis of as; it is plain that the
energy of the motion must be unchanged if we reverse the signs of v,
w, q, and r. Hence the coefficients B', C, Q', R', M, N, L', L" must all
vanish. The axis of x is then one of the axes of permanent translation ;
it is also the axis of one of the fundamental screws of Art. 6, the pitch

being - _ .

If the body be identical with itself turned through one right angle
about the same axis (as, e.g., in the case of a four-bladed screw-propeller),
the expression (2) must be unchanged when we write v for u and — u
for v. This gives B = 0, Q = R, M'= N", M"= — W ; and we Bee
further, that by changing the origin to the point 0, defined in Art. 7,
we make M", N' both vanish; so that (2) now assumes the form

2T == Aw8 + B ( u ' + t ^ + Pp' + Q (g'+r8)
+ 2Lpu + 2M' (vq+wr).

Any direction in the plane yz is a direction of permanent translation ;
and any line through O in that plane is the axis of a permanent screw.

M'motion (due to an impulsive couple only) of pitch —.

If the body be, moreover, identical with itself turned through a right
angle about any axis in the plane yz, we see that (2) must become

2T = A (w8+1;8 + u>8) + P (p* + 2
8+r8)

-f2L (pu + qv+rw).
Any direction whatever is then a direction of permanent translation ;
and any screw whose axis passes through 0 is a permanent screw.
The equations (1) are in this case at once integrable, as has been
pointed out by Thomson,* who has also shewn how to construct a
body possessing the properties defined by (22).

Postscri/pt.—I give here the equations of motion of a solid, under the
circumstances considered in this paper, referred to the six principal

* Phil. Mag., Nov. 1871.



1877.] through an Infinite Mass of Liquid. 285

screws of inertia whose existence and properties have been proved in
Art. 4. I have not made any application of these equations, but their
form seems of itself worthy of notice.

Lei the coordinates of the six principal screws, referred to axes fixed
in the body, be (04, &„ <H, Zj, m,, n,) (a9, bv c6, l0, m9, »fl); viz.,
li, m,, *i| are the direction-cosines of the axis of the first screw, Oj, bu C|
the velocities of the origin, parallel to as, y, e, produced by unit of twist-
velocity about this axis, and similarly for the other screws of the
system. These quantities are connected by 15 relations of the form

. a1la + blmi+cxn3+a%l1 + biml+c%nl = 0 (23).
The pitches KU K8, ... *e of the principal screws are given by the formal ©

Ki — <hh + 'bx™>\ + c\n\.... (24),
&o. &o.

Let us suppose now that the motion of the body at any instant is made
up of twist*velocities «„ 0,, ... s0 about these screws, and let o-,, <r9,... <r0
be the force-components of the corresponding impulsive wrenches.
We have then, with the notation of Art. 1,

u = ax8x-\-aisi+...

.(25), and
X =
u = bx<rx+...f

...(26).

Hence 2T = <
= 2*! ax sx + 2«c, <r8 «9 + . . . + 2irfl <r8 86i

by virtue of (25), (26), and of the 15 relations of the type (23). Again,
multiplying (25) by ?,, m^ a,, 04, bv c, in order, and adding, we find

and similarly from (26) we derive

To form the equations of motion in terms of eu 8it <feo., we must; sub-
stitute for £, 9, {> &o. from (1), in the equation

2^ ax = 04 i+&c.+Zj A.+&c,

and, in the result, for (, 17, <T, &o. from (26). The final result is rather
long, but it is easy to verify that the coefficients of ax 8X, o% 8t, <ra sit &o.
are all zero, as are also,those of o ^ , a%8v &o. The coefficient of
<r,«, is found to be
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which denote by [123]. We have, obviously, [123] = [231] = [312]
= -[132] = —[213] = —[321], so that the number of these coefficients
is, irrespective of sign, 20.* The equations of motion then become

2^ vx = [123] (r, s8+ [124] a% st+ &c.

+ [132] «r8«,+[142] (r4 «, + &c. (20 terms)

with five similar equations. If ^ , A9, ... h6 be the six roots of (8),
(with k—0,) we have ax = hlev a% = ht8%, &o., so tliat the above equa-
tions may also be written

2*i Vx = [123] (k%-hj *,«,+ [124] (h-K) 8i8i+&c.
&c. Ac. (10 terms)

We verify at once that these have the particular integrals

KX h^ s\ + KS 1% a\ + ... + k-a ht 8] = const.,

Klh\8l + K%hl8l + . . . + K0fcX = const.

Tig. 2.

On some Oases of Parallel Motion. By Mr. HARRY HART, M.A.,
Mathematical Instructor at the Royal Military Academy,
Woolwich.

[Bead April 12th, 1877.]

1. Let ABCD(Fig. l ) f be a contra-
parallelogram, where AB = CD = 2oe,
AC ss BD SB 2a, and 0, 0 ' the middle
points of AB, CD. Then P, the inter-
section of AC, BD, describes an ellipse
relatively to AB or DC, the major axis
being 2a, the eccentricity e. Let 2b =
minor axis, so that 61 = a1 (1—e1).

On the normal QPQ' let two points
Q, Q' be taken such that PQ = PQ' =
semi-diameter conjugate to P. It can
easily be shown that OQ =s O'Q'= a—b,
0 Q ' = O'Q = a+6, and that AB, DC bisect the angles QOQ', QO'Q'
respectively.

* All theoretically expressible, however, in terms of the six pitches KU KS, ... KC
and of three other independent quantities.

t To render the figure as simple as possible, some of the lines described in the
text have been omitted.


