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PREFACE.

THE idea of a Kinetic Theory of Gases originated

with J. Bernouilli about the middle of the last century,

but the first establishment of the theory on a scientific

basis is due to Professor Clausius.

During the last few years the theory has been

greatly developed by many physicists, especially by
Professor Clerk Maxweh1

in England and Professor

Clausius and Dr. Ludwig Boltzmann on the Continent ;

and although still beset by formidable difficulties, it has

succeeded in explaining most of the established laws of

/gases in so remarkable a manner as to render it well

worthy of the attentive consideration of scientific men.

My_great object in the following short treatise is to

make the existing state of the theory more widely
known by presenting some of the scattered memoirs

of the writers I have mentioned in a systematic and

continuous form, in the hope that mathematicians may
be induced to turn their attention to the theory, and

thus assist in removing, if possible, the obstacles which

yet remain in the way of its complete establishment.

For the most part I have followed the method of

treatment adopted by JDr^Ludwig Boltzmann in some

very interesting memoirs contributed by him to the
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TransactiQns_of the Imperial Academy of Vienna,* but

in some cases T have varied this treatment for the sake

of greater conciseness or greater generality.

Thus, in place of Dr. L. Boltzmann's conception of

Fa molecule as a collection of mutually attracting par-

ticles, I have substituted the more general conception

of a material system possessing a given number of

degrees of freedom, that is to say, a given number of

generalised coordinates.

Again, in the deduction of the second law of Thermo-

dynamics from the results of the Kinetic Theory, I felt

some difficulty in following Dr. Boltzmann's reasoning,

and I originally proposed to substitute for it a demon-

stration of my own, free from what appeared to me to

be the obscurities of Dr. Boltzmann's reasoning, but

applicable only to the case in which there were no

intermolecular actions. My jriend Mr. S. H. Burbury,

formerly fellow of St. John's College, Cambridge, to

whom I communicated my difficulties, has invented an

unexceptionable proof applicable to all cases, which he

published last January in the London, Edinburgh, and

Dublin Philosophical Magazine, and with his permission

I have adopted this proof in the following treatise.

To Professor Clerk Maxwell I am indebted for much

kind assistance, and especially for access to some of

his manuscript notes on this subject, from which I have

taken many valuable suggestions.
H. W. WATSON.

BBRKSWELL RECTOKY,

COVENTRY, Sept. 17, 1876.

*
Sitzungsberichte der Kaiserliclien Akadeinie der Wissenschaften.

Wien, Band 63, 1871, und Band 66, 1872.
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CALIFORNIA.

INTRODUCTION.

THE Kinetic Theory of Gases is based upon the conception

of an infinitely large number of molecules in motion in a given

space with velocities of all degrees of intensity and in all con-

ceivable directions. These molecules, as will be explained in

the course of the following treatise, may sometimes be regarded

as smooth spheres, in which case we shall only have to consider

the motion of translation of the centre of mass of each of them,

or they may be regarded as bodies of any form capable of any
number of internal vibrations. It is clear that the individual

molecules in such a system must be continually acting upon
each other, either in the way of collision, like the mutual impacts

of elastic spheres, or else in the more gradual way of mutual

attraction and repulsion ;
such actions are called encounters.

It is easy to see that if encounters take place among a great

number of molecules, their velocities, even if originally equal,

will become unequal, for, except under conditions which can be

only rarely satisfied, two molecules having equal velocities before

heir encounter will have unequal velocities after such encounter.

Now, as long as we have to deal with only two molecules, and

have all the data of an encounter given us, we can calculate the

result of their mutual action
;
but when we have to deal with

millions of molecules, each of which has millions of encounters

in a second, the complexity of the problem seems to shut out all

hope of a legitimate solution.
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We are obliged therefore to abandon- the strictly kinetic

method and to adopt the statistical method.

According to the strict kinetic or historical method as applied

to the case before us, we follow the whole course of every

individual molecule. We arrange our symbols so as to be able

to identify every molecule throughout its, motion, and the com-

plete solution of the problem would enable us to determine at

any given instant the position and motion of any given mole-

cule from a knowledge of the positions and motions of all the

molecules in their initial state.

/ According to the statistical method, the state of the system at

any instant is ascertained by distributin^_the_molecules into

groups, the definition of each group being founded on some

variable property of the molecules. Each individual molecule

is sometimes in one of these groups and sometimes in another,

but we make no attempt to follow it
;
we simply take account

of the number of molecules which at a given instant belong to

each group.

Thus we may consider as a group those molecules which at

a given instant lie within a given region of space. Molecules

may pass into or out of this region, but we confine our attention

to the increase or diminution of the number of molecules within

it. Just as the population of a watering-place, considered as a

mere number, varies in the same way whether its visitors return

to it season after season, or whether the annual gathering

consists each year of fresh individuals. Or we may form our

group out of those molecules which at a given instant have

velocities lying within given limits. When a molecule has an

encounter and changes its velocity, it passes out of one of these

groups and enters another ; but as other molecules are also

changing their velocities, the number of molecules in each

group varies little from a certain average value.

/ We thus meet with a new_kind ofjregularity, the regularity

t/of averages, a regularity which, when we are dealing with

millions of millions of individuals, is so unvarying that we
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iare almost in danger of confounding it with absolute uni-

formity.

Laplace, in his Theory of Probability, has given many ex-

amples of this kind of statistical regularity, and has shown

how this regularity is_ consistent with the utmost irregularity

among the individual instances which are enumerated in

making up the results.*

These observations must be borne in mind in interpreting

the definitions laid down and the results arrived at in the

Kinetic Theory of Gases.

Thus, to refer to the illustrations already given, we shall

prove that the number of molecules lying within a certain

region of space, or the number of molecules having their velo-

cities within certain limits differing by some finite quantity,

is in each case a number bearing some finite ratio to the total

number of molecules in the mass under consideration, and

v therefore infinitely large. But Jjbgge results are to be, inter-

preted as average results. We do not assert by them, nor are

we capable of proving, that at any given instant there is one

single molecule satisfying either of the required conditions,

that is, comprised within either of the contemplated groups.

So, again, the density of the region in the neighbourhood

of any point is defined as the limit of the quotient of the

number representing the aggregate masses of the molecules

within any volume containing the point, to the number re-

presenting that volume, when the volume is indefinitely

diminished. In interpreting this definition two things must

be remembered. In the first place, according to what has

been said just now, we do not assert and cannot prove that

there is, as a matter of fact, any particular number of mole-

cules within the volume containing the given point, at any

given instant ; and in the second place, supposing we could

prove that the number of molecules within the volume was

thus accurately determined, yet even so there could be no

* MS
T
noted by Professor Clerk Maxwell.



viii INTRODUCTION.

point within the region at which the actual density of the

matter had the value determined by our definition ; for if

tjie point were within a molecule the actual density would be

/much greater, and if it were not within a molecule the

density would be zero.
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PROPOSITION I.

A VERY great number of smooth elastic spheres equal in every

respect are in motion within a region of space of given volume,

and therefore occasionally impinge upon each other with various

degrees of relative velocity and in various directions. The space

is so large in proportion to the sum of the volumes of the

spheres that the average time during which any one sphere is

moving free from contact with any other is infinitely greater

/than the average time during which it is in collision with some

other sphere *. Required to find the law according to which the

velocities must be distributed in order that such distribution

may be permanent.
Let N be the total number of spheres, and let

X (u, v, w) du dv dw
be the number of spheres whose component velocities parallel

to the axes are intermediate between

u and u + du, v and v + dv, w and w 4- dw

respectively.

If we change the variables and make c the resultant velocity,

the inclination of c to the axis of z, and that of the plane of

cz to the plane of osz, the expression given above will become

X (u, v, w) c
2
sin 6 dO d$ dc.

Let a spherical surface of radius unity be described round the

origin as centre, and let us write dcr for the element smOdddcj)
on this spherical surface, then the last written expression

becomes
x (u,v,w)c*dcdo;

* In the mathematical conception of a collision as an absolutely instantaneous

phenomenon the proviso in the text is of course superfluous. An actual physical

.collision must take some time, however short, and the object of the proviso is to

exclude the possibility, or rather to diminish indefinitely the probability, of the

occurrence of cases in which the collision of one sphere with a second is not con-

cluded before that with a third commences, and also to ensure that the number of

colliding molecules at any instant is very much less than the number of molecules

free from collision.

B
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Since for the same magnitude of the resultant velocity all

directions must be equally probable, it follows that the coefficient

ofjfa da- in this expressiqn...jnii&t be a function of the resultant

velocity c only, and therefore the number of spheres having

component velocities between u and u + du, v and v + dv,

w and w -f- dw must be

\jr (c) du dv dw.

It is required, now, to find the form of
\l/

in order that the

value of this expression may be unaffected by collisions.

We assume that in the pernianent^slate the distribution of

the spheres throughout the space occupied by them is homo-

geneous in all respects ;
that is to say, on an average of any

long time there are the same number of spheres in a given
volume wherever that volume may be situated, and the law

y of distribution of velocities is the same throughout that volume

as in the whole region under consideration.

Hence the number of pairs of spheres having component
velocities between

Wj and u
t+ du^ ,

v
1
and v

t + dv^ , w^ and w
1 + dwl

for the one, and

/
2
and u

2 -f du^ ,
v
z
and v

2+ dv
2 ,

w
2
and w

2 + dw2

for the other, and such that the lengths of the projections of

their line of centres upon the axes are between

x and x+ dx, y and y+ dy, z and z+ dz,

must be proportional to

^(c1)-(l/(c2)dul
dv

1
dw

1
du

z
dv

2
dw

2 dxdydz, (A)

where c^ and c2 are the resultant velocities.

Since the coefficient of dxdydz is independent of a?, y, 0, it

follows that the number of pairs having their velocities between

the above-mentioned limits and the projections of their line of

centres between x and x+ dx> and dy> and dz must be also

represented by (A).

If dy and dz be infinitesimal in comparison with the diameter

of any sphere, the lines of centres are parallel to the axis of x

and the velocity of approach of these centres is u^u^
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If d be the sum of the radii of any two of the spheres, or,

what is the same thing in this case, the diameter of any one of

them, then it follows that any pair of spheres having the x com-

ponent of their line of centres less than d+(ul u^dt will

encounter each other in the time dt
; making therefore

x = d and dx = (ul
w

2) dt,

it will follow that the number of collisions in time dt of pairs

of spheres with their lines of centres parallel to x and velocities

between the above limits is proportional to

\l/ (Cj) \j; (c2) du^ . . . dw
2 dy dz (^ u^dt......... (B)

After collision let the different quantities involved in (B)

become e/, c2', %', etc., while #, y, and z
t dy and dz remain

of course unchanged.
It follows therefore that if the values of these velocities and

component velocities had originally been within the limits

indicated by the accented letters with reversed signs, the spheres

would, after collision, have passed into the original state as indi-

cated by the unaccented letters. Call these states E and F re-

spectively. For permanence of distribution therefore it is necessary

that the number of collisions of pairs of spheres in state E during
the time dt should be equal to the number of collisions of pairs

in the state F during the same time ; and therefore that

- - *< dy dz -
Now u= u .-. du du

v <, dv
l
=

v
2 <, dv

2

w = w/, dw
l
=

w
2
= w/,

Hence

du^ . . . dw
2 dy dz (u^u^) = du^. . . dw

2

'

dy dz (u^

and

This functional equation may be integrated as follows. Let it

be expressed in the form

B 2
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and for c-f and c.2
2 write x and #', and for c/

2 and c
2

' 2 write

y and y ;
then we have

where # 4- x'= y + T/

7

;

x(*)x(aO = x(y)x
therefore differentiating with respect to x and y,

x
and

that is.
A v

/ = constant ;

Now the axis of x may be taken in any direction. Whence

it follows that this form of \|r^ill en_surejbhe_permanence^ of

distribution for all possible collisions.

Therefore the number of spheres with component velocities

between w and u + duy v and v -f dv, w and w + dw

is Ae~ hc<2 dudv dw,

employing the notation used above.

Integrating with respect to da from to 4-7T we find for the

number of spheres with velocities between c and c + dc the

expression
477 Ae~hc* c* dc.

Again, since the number with component velocities between

u and u+du, v and v+ dv, w and w+ dw

or /Ae~
hu* du J'Ae~hv<* dv /^/Ae~

hvfl
dw,

it follows that the number of spheres having velocities inter-

mediate between u and u+ du parallel to any fixed line is

I e~hv2 dv
I

e-
/ oo J oo

that is A-,
h
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where A may be determined by the equation

A- I e-hu*du=N-,h J<x>

wf
or A ~ = N-

h$

and therefore A = >

n-i?

that is to say, the number of spheres having velocities between

c and c+ dc is YV~^

If we multiply this expression by <?, integrate the product
with regard to c from to oo and divide by ffi we find the mean

velocity of all the
spheres

to be

2

And, similarly, multiplying by c2 instead of c, we find the

mean square of the velocities to be

3 -$kL
55'

and this is greater than the square of the mean velocity as it

ought to be.

Before we proceed further it will be useful to make a formal

statement of the method employed in the last proposition for

denoting the velocities of molecules or material points.

Instead of drawing straight lines from each molecule in-

dicating the magnitude and direction of the velocity of that

molecule, we draw all such straight lines for all molecules from

any assumed point taken as the origin.

This method is very useful when, as in investigations like the

present, we wish to compare the simultaneous velocities of different

molecules as well as the successive velocities of each molecule

separately.

We thus obtain a figure every point of which corresponds to

one of our molecules, the velocity of that molecule is represented

in magnitude and direction by a line drawn from the origin to

the corresponding point, and the relative velocity of any two
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/molecules is also represented by the line joining the points

corresponding- to these two molecules. If the system have a

common velocity, then we must suppose the position of the new

origin of the diagram of velocities with respect to the old origin

to be so chosen as to represent this velocity.

In studying the motion of the system it is found convenient

to diyT^fhpjm^Pfi]]fp jnf,Q ojv>npcL according to their velocities,

those molecules whose velocities lie within certain limits with

respect to magnitude and direction being placed in the same

group.
In the velocity diagram these molecules are indicated at once

by the points which correspond to them being included within a

certain small region or elementary volume of the diagram, the

boundary of this region corresponding to the given limits of

velocity.

Thus, in the proposition just now considered, the state E
might be described as that in which the velocity points are

situated within the elementary volume

dudvdw or c2 sin dd d<p dc

of the diagram of velocities.

We may also conveniently make use of the term
vplpflity..

density to indicate the result of dividing the number of molecules

whose velocities lie within the given limits by the volume of the

corresponding region in the diagram of velocities.

PROPOSITION II.

Let the N eltiyr pphprpa of the last proposition be replaced

by two sets, one ofN spheres each having mass m, and the other

,
-

,
of -A'

7'

spheres each having mass m'3 and let us find the law of

distribution of the velocities of the N and N' spheres respectively.

Exactly as in the last proposition, it may be proved that

the number ofN spheres whose component velocities parallel to

the axes are intermediate between

u and u + du, v and v + dv, w and w + dw

respectively must be

\fr (c) du dv dw,

where c
2 = u2 + v* + w2

;
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and that the number of the N' spheres whose component
velocities are intermediate between

u' and u'+ du', v' and v'+ dv'
y

w' and w'+ du/

must be ^ (c') du' dv' dw'
;

and that the number of collisions in time dt between pairs of

spheres, one from each set, with lines of centres parallel to the

axis of as and component velocities between the above limits

respectively, must be proportional to

\tf(e)^1 (o
f

)dudvdwdu
f
dv

/

dv/(u-u
f

)dt ............... (A)

If the component velocities of these spheres after collision

be between

U&ndU+ dU, FandF+cZF, FandTF-fdJF,

tf'and U'+ dU', V and F'+ <ZF', W and W'+dW
respectively, then, by the reasoning employed in the last case,

we must have

where V = v, W = w, V'=v, W'=w',

2m' . ,.U u- -,(u-u'),m +m ^

whence we get

dU_^T_dUdU^ = (m-m7
dvf du du

'

du'
"~

(m + m'Y (
m + m/

)
2

and also

dV=dv, dW=dw, dV' = dv, dW' = dw',

U'-U = u-u',

,.dU dU' dUdU\ , , ,

and dU dU' dudu'i^-,-:---=- -v-,)
= du du .

^du' du du du'

So that equation (B) reduces to

where m c
2+ mV2 = mC2 + m'C'2

.

A functional equation of which, as before, the solution may
be shewn to be

mc .wV2

t(c) = Ae-hT and ^(c') = Be~h
2 .
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It must be remembered that h is here a constant of different

dimensions from the h of the last proposition.

Since the axis of x may be taken in any direction, it follows

that these forms of ^ and ^ will^^nsiirje-the permanence of

distribution as far_jEis collisions between spheres of two different

sets are concerned, and we have already proved that they will

ensure that permanence so far as collisions between spheres of

the same set are concerned ; therefore it follows that the number

of the N spheres whose component velocities are intermediate

between
u and u + du, v and v + dv, w and w + dw

,0
must be A e 2 du dv dw,

where C2 =
and the number of the N' spheres whose component velocities

are intermediate between

u' and u' + du, v and v'+ dv', w and w
'

-\-dw'

-h
must be Be 2 du'dv'dw',

where c'
2 = u 2 + v'

2 + iv'
2

'and it is clear that the same reasoning would hold whatever

number of sets of such spheres the space might contain.

Applying the results of the last proposition, and writing
mh m'h

~2~
f

~2~
instead of h we get

N mh% N' m'h%
A =

'(-^)
' B =

-T'(-^~) ;

7T2 * 77f 2

and so on for any other sets which the region may contain.

We also find that the mean velocity of each of the N spheres is

and similarly for the remaining sets of spheres.

Also the mean square of the velocity of each of the N
spheres is 3 2

2'mh'

and the mean vis viva 3

2V
the last result being the same for each set of spheres.
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PROPOSITION III.

On the hypothesis of the last proposition to find the number

of pairs of spheres, one being taken from the N set and the

other from the N' set, whose relative velocities lie between given

limits, and the number of collisions in unit of time and unit of

volume between these sets of spheres.

Using the results of the last proposition, writing
~ for -

and for
,
and supposing the volume of the region con-

sidered to be the unit of volume, we find that the number of

spheres of the N set which have their component velocities

parallel to x between the limits u and u+ du is

_
-e a?du', (A)

and that the number of spheres of the N' set which have their

component velocities parallel to x between the limits u+U and

u+ U+dU is

fff (u+U)*

<~ ' M\ ................ (B)

and therefore the number of pairs of spheres fulfilling the above-

mentioned conditions is

Integrating with respect to u from oo to +00, we find for

the total number of pairs of spheres whose relative velocity

parallel to x lies between 7 and U+ dUthe expression

SN '
1

(C)

Comparing (C) with (A) we see that the distribution of rela-

tive velocities follows a law of the same form as that of absolute

velocities, and therefore that the mean relative velocity is the

square root of the sum of the squares of the mean absolute

velocities in the two systems, and the mean square of the

relative velocity is the sum of the mean squares of the absolute

velocities.
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It follows also of course that the number of pairs of spheres,
one from each set, whose relative velocities lie between r and
r + dr is

4
NN' _ -^e <*+Pi*dr;

V^(a
2+ /3

2

)2

or, restoring to a and /3 their values,

\Ar
We proceed now to find the number of collisions in unit of

time and volume between the spheres of the N set and those of

the N' set.

Suppose a number N of equal spheres at rest to be distributed

in any manner throughout a unit of volume, and suppose that

another sphere moves among them with the velocity r. If a

tubular surface be described having for axis the path of the

centre of this moving sphere, and for its radius ?, or the sum
of the radii of the moving sphere and one of the stationary

spheres, the volume of the surface thus generated in a unit

of time by the moving sphere will be irrs2 . Hence the chance

of the moving sphere colliding with any one of the fixed spheres

in a unit of time must be irrs2
,
and the number of collisions

in unit of time between the moving sphere and stationary

spheres must be N^rs2
.

The same results would hold good if we replaced the stationary

spheres by spheres moving with a common velocity and the

moving sphere had a velocity r relative to each of them, that

is to say, the chance of collision in unit of time between the

last-mentioned sphere and any one of the former-mentioned

spheres would be irrs2
.

Suppose now that there are two sets of N and N' spheres
in the unit of volume, and that the number of pairs of spheres

(one being taken from each set) whose relative velocities are

between r and r+ dr is nri
', then, if s be the sum of the radii

of each pair, it will follow that the chance of a collision between

any pair in unit of time is irrs2
,
and therefore that the total

number of collisions in unit of volume and unit of time is

nn'vrs*.
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But we have already seen that nn' is equal to

4

N and N' being the total number of spheres of each set in unit-

2 2
volume, and a2 and /3

2
being

1 written for = and yy ,
as before.

wiri m fi

Hence the number of collisions in unit-time between pairs

of spheres whose relative velocity lies between r and r+dr is

.,</*
or

r^mm'h

Integrating from r ^= to r = oo
, we get

2NN' Vv.Va?*?s*

for the number of collisions in unit of time which take place in

unit of volume between spheres of the N and N' sets.

The number of collisions in the same time and volume between

spheres of the N set is therefore

v mli

and between spheres of the N' set the number is

or

Also, since the mean velocities in the two systems are

2a 2/3= and --,
V'Tr VTT

it follows that if /
x
be the mean distance travelled by a sphere of

the N! set between each collision with a sphere of its own set

and 1
2 the corresponding mean distance for the second set, then
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- = TTN
l </2 Sj

2 and - = TiN^ A/2 s
2
2
,

*! and #2 being diameters of spheres of the two sets.

Also, if Aj be the mean distance travelled by a sphere of the

set without any collision whatever,

v
where ^sr is sum of radii of spheres of the N and Nr sets, with a

similar expression for the mean distance travelled by a sphere of

any other set.

The next case to be considered will be that in which there are

any number of sets of spheres as in the last proposition, but

acted on by any given impressed forces tending to fixed centres,

and therefore capable of being expressed as the space variations

of a pnto^ijjifil fanr'tirm. Before treating of this case it will be

necessary to prove the following general proposition, due origin-

ally to Dr. Ludvvig Boltzmann and subsequently modified by
Professor Maxwell.

Let Pi*.*pn be ^ne generalized coordinates, and qi*..qn the

corresponding momenta of any conservative system at any given

time, and let Pl ...PnJ Qi...Qn be the corresponding quantities

after any interval.

Let the action from the initial to the final state expressed in

terms of the initial and final coordinates (p and P) and the

energy E be A.

Then, by Thompson and Tait, vol. i, p. 236,

qr = 7 for initial state, Qr
= -=-=? for final state.

dpr dPr

Let f(p 9 q) be any given function of the jo's and ^'s, and let us

change the variables in the multiple differential

f(p,q)dpl ...dpn dq1 ...dqn ,

from the jo's and ^'s to the j

J

s and P's, i.e. from the 2n initial

coordinates and momenta to the 2n initial and final coordinates.

The expression then becomes

where A is the functional determinant
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or

dq,

h dqn

\" "dPj
dq,

dP," "dP
ri

dP,"

dP

Now dq^
dP8

dq

d*A

d^dP9

dQ, dQ r

- (
dp,

"*

dpn

= F(P,Q)dPr ..dPn dQr ..dQn ;

where F(P,Q) andf(p,q) are equal to each other;

/. dp1 ...dpn dql ...dqn = dP
1
...dPn dQ1 ...dQn ',

or the product of the differentials remains the same in value after

the change of variables.

PROPOSITION IV.

Let there be any number of sets of spheres as in the last

proposition, and let them be acted on by any forces passing

through the centres~oT the spheres tending to fixed centres and

functions of the distances of the centres of the spheres from the

centres of force.

We can no longer assume that the chance of velocities in all

directions is the same, as we did in the first two propositions ;
in

ot^er words, we cannot prove, as we did in Proposition I, that

tiie number of spheres of any set having component velocities

'/intermediate between

u and u + du, v and v + dv, w and w + dw

is
\fr (c) du dv dw,

Let us assume then that the number of spheres of any one set,

as the first set, at any time t, having component velocities
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between the above-mentioned limits and having the coordinates

of their centres intermediate between

x and x+ dx, y and y + dy, z and z+ dz,

is
\j/ (x, y, z, u, v, w) dx dy dz du dv dw.

We must in the first place determine the form of

\l/ (x, y t z, u, v, w),

so that it may be independent of t, i.e. so that apart from

collisions, the number of spheres of the first set, having their

positions and velocities between the limits stated above, may
always be the same function of the variables as, y, z, u, v,

and w.

Let any sphere whose position and velocity are within the

limits defined above be said to be in the state A, and after an

interval of time T let it pass into the state B, such that the

coordinates and component velocities are intermediate between

X and X+ dX, &c., &c. , W and W+dW.
For facility of reference it will be better to denote the states

A and B by the subjoined schemes :

Coordinates of centre between limits.

STATE A. xandx+ dx, y and y + dy, z and z-\-dz;

STATE B. XandJT+dX, Fand Y+dY, ZandZ+dZ;

Component velocities between limits.

STATE A. uandu+ du, vandv + dv, wandw + dw;

STATE B. U and U+dU, Fand V+dV, WandW+dW;
with corresponding changes for the accented variables.

It follows that the number of spheres in the state A at time t

must be equal to the number in the state B at time t + T ;
and

therefore, if the form of ^ be independent of the time,

-<lf(x,y,z, u,v,w)dx...dw ^(Xt Y, Z, U, V, W)dX ... d W.

/ But by the last proposition

dx...dw = dX...dW,
and therefore

\ff (x . . . w) = \j/(X ...W).

Now let <k = tfj,
<

2
= a

2 , &c.

be any equations between the variables x ... w, obtained by the
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elimination of t from the integrals of the equations of motion of

any one sphere. Then we know that

/(<fc, 4>2 , &c.)

remains constant throughout the motion.

If therefore \ff(x...w) he of the form

$ (*i </>2 >
&c

-)>

in other words, if #, . . . w enter into
\j/ only by entering into'

< 15 </>2 , &c., we shall have

$ (at. ..w) = ^(X ... W).

Hence it follows that, for permanence of distribution inde-

pendently of collisions, the number of spheres of the N set having
the coordinates of their centres and their component velocities

intermediate between

x and x+ doc ... w and w + dw
must be ty (^>1} $2 , &c.) dx ... dw.

And similarly, the number of spheres of the N' set having the

coordinates of their centres and their component velocities inter-

mediate between

x and x' } dof...w' and w''+ dw'

must be \|^ ($/, (/>/, &c.) dx'.,. dw' .

We must now determine the forms of
\j/
and

\fsL
in order that

this law of distribution may be unaffected by collisions.

By reasoning in all respects the same as in Proposition II we

are led to the equation

^(&, fa, &c.) tfc(*i', */, &c.) = ^ (^, 4>
2 , &c.) ^(^ */> &c.) f

with the equation
we2

w/c7 _ w2 m^V
T" ~2~ '~2~ 2

Also, since the coordinates of the centres are unaffected by

collision, it follows that, if x and Xi be the potentials of the

impressed forces on the two spheres before collision, and X
and K! after collision,

X = X and Xi = X!,

,

me2

, , mV,
2 __ mC*

, ^ m'C'?
or X+-y +Xi+-^-

L
=X+-2- + X 1 +-Y

1 -

Now the only condition limiting <J>19 <#)2 , &c. is that they be

equations obtained by eliminating t from any of the integrals
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of the equations of motion of the sphere, and the equation of

conservation of energy, or

me*
X + Y-

= *,

is such an equation, hence \^ may be of the form

Assuming this form for
\jr,

we get for our condition of per-
manence

c\ . . , m'c\\ ,
.__ mC*.

, ,__, m'C\
-)^i(x+- A

)
= ^(X +--)^1 (X

/

+--) 5

me2
, mY/ __ mC* __, m'C' z

where X +
-j-

+ X +~ = X +
-3-

+X' +
--g
--

A functional equation of which the solution has been proved to be

whence we conclude that the

having the coordinates of their centres and their component
velocities intermediate between

oo and x+ dx...w and w+ dw

-n( +^!)
must be Ae * 2 'docdydzdudvdw,

and the number of the set N' similarly circumstanced must be

_ h
f m'cn

Be \ x 2 '&cdydzdudvdw;
and so on for all the remaining sets of spheres.

Since the number of spheres of the N set whose centres and

velocity points lie within the elementary volumes dx dy dz and

du dv dw in the neighbourhood of the points #, y, z, and u, v, w,

respectively is

/
,
W2\

Ae vx^ 2 'dudvdwdxdydz; .............. (a)

where c is the distance of the point u, v, w, from the origin in

the velocity diagram, with similar expressions for each of the

other sets, it follows that the law of distribution of the velocities

atfd positions of each set of spheres is independent of the co-

y/existence
of the other sets in the region under consideration.
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If we write, as before, c 2 dc da for the elementary volume

du dv dw, the expression (a) becomes

Ae~ x
dxdydz.e

Integrating with regard to a from to 4-n- and with regard
to c from to oo, we find that the total number of spheres of

any one set whose centres are situated within the elementary
volume dx dy dz is given by an expression of the form

Be~ hx
dxdydz

That is to say, p, or the density of the N set matter in the

neighbourhood of the point #, y, z
y is

Again, if we integrate the same expression (a) with regard
to #, y, and z for all values corresponding to the region under

consideration, we find that the total number of spheres of the

N set whose velocity points are situated within the element

dcdv is, as in the last case, given by an expression of the form

Jimc*
Ce~ 2 c

z dcda-' {y)\ * t

whence it follows that so long as the radius vector in the

velocity diagram is constant, all directions of that radius vector

are equally probable, or that the distribution of velocities is the

same in all directions
;
and this being true of each set of spheres,

taken separately, is of course true of the sum total of the spheres
in the region under consideration.

Again, integrating (y) with regard to a- from to 4ir, we see

that the number of spheres of the N set having velocities

between c and c -f dc is

whence, as in the last case, we obtain the following results, viz.

The mean velocity of these spheres is ; .

v

ff Li \\-\i A
The mean square of the velocities is 7 ;

'f lUNJVKKsV
>y The mean vis viva is r-r

("All I<
A

( M '

c
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And since the last expression involves only the constant h

which is common to all the sets of spheres, it follows that the

mean vis viva of the spheres in every set is the same, and

therefore equal to the mean vis viva of all the spheres in the

region under consideration.

PROPOSITION VI.

A number of sets of elastic spheres are moving about in a

given region, as in the last proposition, required to find the

action exerted by one portion of the medium on another, or the

pressure, in the neighbourhood of any point.

Let us assume that the surface of separation of the two

portions of the medium is a plane perpendicular to the axis

of x, and since the distribution and motion of the spheres of

any one set have been proved to be completely independent
of the coexistence of the spheres of the remaining sets, let us

confine our attention, for the present, to what we have called

the ^ set of spheres.*

Suppose that there are dN such spheres, per unit volume,
in the neighbourhood of the point #, y, z, whose component
velocities parallel to the axis of x are between u and u -f du.

The number of these spheres which cross the elementary area

dy dz in time dt will be the same as the number of the dN
spheres whose centres are situated within the elementary

parallelepiped dx dy dz in which dx is equal to udt, and this

number is , AT , , ,.dN .u.dy dz dt.

Each of these spheres carries across with it a momentum

parallel to the axis of x equal to mu
;

the total momentum

parallel to the axis of x transferred across dy dz in the time

dt is therefore T*T * 7 ^ 7.

mdNv?dydzdt.

If u be positive this is positive momentum transferred from

the negative to the positive side of the plane yz> and if u be

negative this is negative momentum similarly transferred from

the positive to the negative side of the same plane.

* That is to say, the set whereof the number contained in the given region is N.
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In either case the result is that by the mere motion of these

spheres across the area dydz the positive momentum parallel to

the axis of x is diminished by the quantity mdNu2
dydzdt on

the negative side of the plane yz and increased by the same

quantity on the positive side of that plane in the time dt.

Hence the result is the same as a transference of positive

momentum parallel to the axis of x in time dt across the area

00

dy dz equal to m dy dz dt 2 u2
dN> that is equal to

oo

dydzdtpu*} .. .. (a)

where p is the density of the N set matter at the point as, y> z,

and ii? is the mean square of the velocities parallel to the axis

of*/
./But either by integration or general reasoning it is easily

v2

seen that u2
is equal to

~^~,
where v 2

is the mean square of the

velocities of the N set of spheres, and is equal, as we have seen,

to
mh
Hence there is a transference of positive momentum from the

negative to the positive side of the plane yz across the area dy dz

in the time dt equal to

, , , V* pdy dz dt
p dy dz dt

,
or to

J

3 inn

Each separate sphere (whose component velocities are u, v,

and w) carries across the same plane momenta parallel to the

axes of y and z equal to mv and mw respectively, so that in the

time dt there are carried across the elementary area dy dz

momenta parallel to the axes of y and z equal to 2 muv dy dz dt

and 2 muw dy dz dt respectively.

It is clear from the symmetrical distribution of the velocities

that 2 muv and 2 muw are each equal to zero.

Therefore the resultant mutual action of the two portions

of the medium across the elementary area dydz in the time dt

v2

is the transference of the momentum pdydzdt parallel to the
3
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axis of x across this element from the negative to the positive

side.

If this mutual action, or as it is generally called this

pressure, when referred to unit of surface be denoted by the

symbol jo, we get the equation ^
v*9

pdy dzdt pdy dzdt* ;

O

v2
p

or p = p = -4 '

r
3 mh

Since the momenta parallel to y and z remain unaltered,

it follows that the mutual action or pressure between portions

of the medium separated by any plane is entirely normal to

that plane.

/ v2

/ Since also the expression for p, or p > is independent of the
/ 3

direction of the axis of as, it follows that the pressure at any

point of the medium is the same in all directions.

If we suppose the contiguous portions of the medium to be

separated by a material instead of an ideal plane, it will clearly

be necessary for the maintenance of the equilibrium that there

should be an action between this plane and the adjacent portion

of the medium exactly equivalent to the transference of momenta

estimated above. Hence the pressure or force between the plane

and medium is normal to the plane, and its value per unit of

time and surface is 7 at any point. And this value remains un-
mh J r

affected by turning the plane of separation in any direction about

the point.*

* It is important to distinguish between the velocity of agitation of the

molecules treated of in the preceding reasoning and that which we are accustomed

to consider as the velocity of the medium itself. This latter velocity has been

defined by Professor Clerk Maxwell as follows. If we determine the motion of

the centre of gravity of all the molecules within a very small region surrounding

a point in a medium, then the velocity of the medium within that region is

defined as the velocity of the centre of gravity of all the molecules within that

region. Should such a velocity exist in the medium under consideration we must

suppose that our ideal plane of separation moves with the same velocity, and

therefore that the number of molecules crossing it in any direction is on the

average equal to the number crossing it in the exactly opposite direction.
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We may also prove that the values which we have found for

p and p are sufficient for the equilibrium of the medium.

For consider the elementary parallelepiped dx dy dz situated in

the neighbourhood of the point x
y y> z.

The positive momentum of the N sphere matter within this

element parallel to the axis of x is, as we have seen, increased

by the quantity pdydzdt in the time dt by transference of

matter across the face dy dz nearer to the plane of yz> and the

same momentum is, in the same time, diminished by the

quantity (p + -4- dx] dy dz dt by transference across the opposite

face dy dz. On the whole, therefore, the positive momentum

parallel to x of the N sphere matter within the element is

diminished by the quantity
~- dx dy dz dt in the time dt.

It is therefore necessary for the permanence of the state of

the medium that the impressed force on the N sphere matter

within the element should produce a resultant momentum equal
to the last found quantity in the time dt, in other words,

sjj/Y\

~- dx dy dz dt should be equal to pX dx dy dz dt
;dx

where X is the impressed force at the point #, y, z parallel to the

axis of x
;
that is to say,

~ should be equal to p X.
dx

Now p = r/o, and p = mBe~h^
;

win

dp I dp j dp dX
-^ r T- and -j-Tipdx mh dx dx dx

dp
-L= fX<

the required equation.

When several different sets of spheres are present together

in the region under consideration the distribution of the centres

and of the velocities of the spheres of each set is, as we have

seen, independent of the coexistence of the remaining sets. If
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therefore plt />2 ,
&c. be the densities of the matter of the

different sets in the neighbourhood of the point x, y, z, and if

jDi 9 p2 9
&c - be ^e Fissures at that point, defined as above, of

the media composed of these different sets, and if m
lt
m

2 ,
&c. be

the masses of the individual spheres of each of the sets, and p the

total pressure, we shall have

We will now summarise the results at which we have arrived

concerning the physical properties of a medium of sets of elastic

spheres moving about in a region of space very much larger

than the sum of the volumes of the spheres, and acted on by

any impressed forces tending to fixed centres.

In the first place we have found that there is one physical

property which has the same value for every set, namely, the
o

mean vis viva of each of the spheres, or -=. Let us call this

quantity T.

In the second place we have found that the distribution of the

positions and velocities of each set of spheres is independent of

the remaining sets, and is in all respects the same as if that

particular set alone existed in the region of space under con-

sideration.

In the third place we have found that
_/?,

the pressure at any

point referred to unit of surface, between contiguous portions of

the medium arising from the action of any one of the sets is

2

equal to
/> r, where p is the density of the matter of that

o mi

particular set in the neighbourhood of the point considered, and

m is the mass of each of the spheres of that set, r being defined

as above, and we have also proved that if X, Y9
and Z be the

component forces at that point, then

In the fourth place we observe that the fraction --
represents
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the number of spheres of the set under consideration pe/unit of

volume in the neighbourhood of the point considered.

2
therefore from the equationp= . pr that whenever two media

composed of different yda of
spheres are so related that the

pressure at any point and the mean vis viva of any one sphere
are the same in each medium, then the number of spheres, per
unit of volume, is also the same in each medium, or what is the

same thing-, that the densities of the matter of the two media are

in such a case proportional to the masses of the individual spheres.

Comparing these results with the well-Jmown properties of

a mixture of gases in equilibrium, we know in the first place

that there is^^onephysical property, namely the temperature,
which is constant throughout such a mixture.

In the second place it has long been recognised as a law

established by Dalton that in such a mixture the density of

each of the gases at any point is the same as if the other gases

did not exist, or, as it is frequently expressed, each gas acts as

a vacuum to all the rest.

In the thirdLplace we know from Boyje's law that so long as

the temperature remains the same, the pressure is proportional to

the density or inversely proportional to the volume.

In the fourth place we know from the law established by
Dalton, Gay Lussac, and Charles , that when the temperature and

density both vary, the pressure varies as the temperature and

density conjointly.

Finally, we know from Gay Lussac's law that when two gases /
are at the same pressure and temperature the number of atoms ^
in unit volume are the same.

We see therefore that in these four particulars the physical

properties of a perfect gas, or of a mixture of such gases,

exactly correspond with the physical properties of a medium

consisting of a set of elastic spheres, or of a mixture of sets

of such spheres when the mean vis viva of a sphere is taken

as representing the temperature of the gases, or mixture of

gases, and the sphere represents the chemical atom.

Up to this point therefore we have a very strong presump-
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tiira that the constitution of a homogeneous perfect gas may l>e

/explained by supposing it to be a collection of elastic spheres,

equal to each other in all respects, and comprised in a region

whose volume is very much larger than the sum of the spheres,

the temperature of the gas being measured by the mean vis viva

of any one of the spheres.

There ju-ejho.w.even QtJiexJKell-knownjproperties ofgases which

are not adequately explained on this hypothesis of elastic spheres,

the most important of which is the numerical value of the

atio^of the specific heats at constant volume and constant

pressure respectively.

The quantity of heat required to raise the temperature of unit

of mass of any substance one degree is called the specific heat of

that substance. In the case of gases this quantity is greater

when the gas is allowed to expand under constant pressure than

when the volume is kept constant, as when the gas is confined

in a rigid vessel, the physical reason of the difference being that

in the former case part of the applied heat is converted into

mechanical work.

The ratio of the specific heat at constant pressure to that at

constant volume has an important bearing on the theory of sound,

and has been determined for many gases by careful experiment.

The value of this ratio for several of the more permanent

gases, as hydrogen, oxygen, nitrogen, atmospheric air, carbonic

oxide, nitrous oxide, and hydrochloric acid, is nearly 1-408
;
that

of the more easily liquifiable gases, as chlorine, ammonia, and

sulphuretted hydrogen, is about 1-3
;
and that of carbonic acid,

nitric oxide, sulphurous acid, and marsh gas is about 1-26.

On the hypothesis of smooth elastic spheres this ratio ought
to be exactly 1-f or 1-6, as may be seen from the following

reasoning : Suppose r to be the number of such spheres in

a unit of mass of the medium, v the volume occupied by such

unit, and m the mass of each sphere, then we have the equations

mr = 1, and pv = 1.

Also if T be the mean vis viva, corresponding to the tempera-

ture of the gas, and p the pressure referred to unit of surface,

v = rr.
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Let the mechanical energy bQ in the shape of heat when

applied to the medium increase the mean vis viva from T to

r+ 8r, the volume remaining constant, then we must have the

equation
bQ = rbr.

Next let the volume be allowed to vary so that the pressure

remains constant, and let b'Q he the mechanical energy required

to raise the mean vis viva from r to r + 8r in this case.

Since the mass expands under the pressure j), external work

equal to p$v is performed, bv being the increase of volume, and

therefore by the law of conservation of energy .

A
'

'> \{ \
But pv = | rr, and p is constant

;
/ T r

\r i A r

^iS
e =|r8r;

S I T

The only gas for which the ratio has so large a value as this

is mercury gas, for which MM. Kundt and Warburg find it Nk

to be 1-67.* It is remarkable that the molecule of this substance

is regarded by most chemists as monatomic. ^H
There are also other phenomena exhibited by heated gas

which suggest a somewhat less simple constitution of the

medium than that of moving,elastic spheres.

It is known that the light emitted by heated gas, so long
as the gas is of no great density, consists of rays of one or -^k
more definite kinds of refrangibility, so that when this light

is examined by the spectroscope, the spectrum produced consists

of one or more bright lines, narrow and distinct, the intervening

spaces being dark. As the density of the gas increases, these

bright lines become broader and the intervening spaces more

luminous, until, as the gas becomes very much condensed, a

continuous spectrum is produced.

If now we replace the moving spheres of the foregoing

propositions by a number of bodies all similarly constituted,

made up of parts capable of relative motion without being

* See ' Nature' for October, 1875. /
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altogether torn asunder, this relative motion will be some kind

of vibration. The motion of translation or agitation of these

small bodies, or molecules
-, is, as we have seen in the case of the

spheres, exceedingly irregular, the intervals between successive

encounters and the velocities of a molecule during successive

free paths not being subject to any law. It will be different

however with the internal motions or vibrations of each

molecule. When there is a long free path very many such

vibrations may take place in the interval between successive

encounters./ At each encounter the whole molecule is roughly
shaken. i/During the free path it vibrates according to its own

laws, and these vibrations, as is the case in every connected

system, may be resolved into a number of simple vibrations,

the law of each of which is that of the simple pendulum. At

any instant the number of molecules in collision is negligible

in comparison with the whole number of molecules in the region

under consideration. And therefore at any instant we have a

collection of a very great number of bodies, all of which may
be regarded as performing precisely the same set of vibrations.

If these molecules be capable of communicating their vibrations

to the luminiferous ether, the result will be light of one or

more definite kinds of refrangibility, provided there be any

light at all that is, provided that the vibrations be of such

a period as to belong to the luminous part of the spectrum.

As the density of this medium is increased, the length of the

free path of each molecule is diminished, and since each fresh

encounter disturbs the regularity of the series of vibrations,

we must no longer regard the whole of the bodies or molecules,

but only a large majority of them at any instant, as performing
the same sets of vibrations

;
the result therefore will be light

of one or more definite kinds of refrangibility, with a mixture

of fainter light of no definite refrangibility, or, viewed under

the spectroscope, bright lines of light, along with a ground
f diffused light forming a continuous spectrum.*

Let us now proceed to the reconsideration of the problem
of the last proposition, the sets of smooth spheres being replaced

* See Maxwell,
'

Theory of Heat,' p. 306.
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by sets of exactly fljiyilar molecules that is to say, bodies made ^
up of parts which are capable of relative motion without being
torn asunder.

The simplest conception of such bodies would be to regard
them as composed of discrete atoms acting upon each other

with Jorces any functions of the distance between them, and

in this way theproblem has been treated by Dr. Ludwig
Boltzmann in his memoirs * Uber das Warmegleichgewicht
zwischen mehratomigen Gasmolekiilen,' published in the Trans-

actions of the Imperial Philosophical Academy of Vienna.*

For the sake of somewhat greater generality we shall regard

our molecules as bodies capable of a given number of degrees

of freedom, in other words determined both as to position

Vand arrangement of parts by a given nnmbftr of generalised

coojuiinates.

These molecules may be acted on by forces either internal,

i.e. arising from the mutual action of the different parts of

the same system, or external, and directed to fixed centres, but,

in a general way, each molecule is conceived as being free from

the action of any other molecule.

When the distance between any two molecules is so small

that they are capable of exerting sensible forces upon one

another there will be said to be ^iiencou^J^L between them,
such encounters taking the place of the collisions in the case

of the spheres, with this difference, that the time of an encounter

will not be necessarily indefinitely small. We shall also consider

that the forces acting upon the molecules are such that their

components may be expressed as the differential coefficients of

some function with respect to displacements parallel to the axes r

of reference, and that they admit therefore of generalised com-

ponents in terms of the generalised coordinates as explained in

Thomson and TaitVNatural_ Philosophy/ vol. i. p. 219. With
this explanation we proceed to the consideration oTtFe Foliowing

proposition.

*
Sitzungsberichte der Kaiserlichen Akaclemie der Wissenschaften Mathema-

-^/
tisch-Naturwissenschaftliche Classe, Ixiii Band, Zweite Abtheilung, vii Sitzung
von 9 Marz, 1871.
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PROPOSITION VII.

\i/ A number of sets of molecules, the molecules in each set

being- very numerous and exactly like each other, are in motion

in a region of space which is very much larger than the sum

of the volumes of all the contained molecules, and are acted

on by given forces tending to fixed centres and functions of

their distances from these centres, required the law of permanent
distribution- of coordinates and momenta.

Let the number of generalised coordinates of each of the

molecules of one of the given sets be m, and let them be denoted

by the symbols jols joa , &c., pm . Let the corresponding momenta

be also denoted by the symbols qlt q2 , &c., qm .

Let the total number of molecules of this set be M, and let

dM of these be in the state A at any time that is, let them have

their coordinates and momenta intermediate between the values

jOj and j^ + ^i, &c., pm vsApm + dpm , ql
and q1 + dq1) &c., qm and

Let also dM =fm (pl ...pm , ql ...qm)dpr ..dqm .

It is required to find the form of fm in order that it may
remain the same for all time.

If ^ a
lt a

=
2 ,

&c. be any equations obtained by the

elimination of t from the integrals of any of the 2m equations

of motion of one of the M set of molecules, then by reasoning

in all respects the same as that employed in Proposition IV
it may be proved that so long as there are no encounters the

condition of permanent distribution will be satisfied, provided

fm be of the form

AW^^&c.)-
It remains to find what further restriction must be imposed

upon the form offm in order that this permanence of arrange-

ment may not be disturbed by any possible encounters.

Suppose that there is another set of N molecules, each of

which has n generalised coordinates rlt r2) &c., rn1 with the

corresponding generalised momenta <s15
s
2 , &c., <?, and let dN

of these be in the state B at~any"{ime, that is let them have

their coordinates and momenta intermediate between r and
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&c.j rn and rn + drn ,
s
l
and s

1 -^dslJ &c., sn and

and suppose that

drr ..drn dsr ..ds

Therefore the number of pairs of molecules consisting of one

molecule of the set M in state A and another molecule of the set

N in state B at any time must be

Let <i>(P2f-Pm ri-'-rn) be sucn a function of the m + n I

coordinates p2--Pmj ri---rn "that whenever p differs from ^ by
less than a certain value a, that is whenever the quantity x
in the equation

p1 -(f) = x .................... (1)

is equal to or less than a, there is an encounter between the

corresponding- molecules of theM and N set.

Eliminate pl
and dpl by means of equation (1), and the last

found expression becomes

fm(Pr~Pm<Ii 0)/(*V r *i'"*)*l7<%)
a ..dqm dr

1
...dsn , ... (2)

pl being- expressed in terms of x and the other variables by
means of equation (l). The expression (2) gives the number

of pairs of molecules, whereof one is in the state A and the

other in the state B at any time : we call such pairs (A B) pairs

of molecules.

Let us now introduce the following restriction in the definition

of our AB pairs of molecules, namely, that while the values of

the 2(m-\-n) 1 variables p2 . . . sn defining the state of the pair

remain as before, the value of the remaining variable pl is

such as to make x equal to a ; and let us also take dx equal
/7/yt CM *![*

to -z-bt, where -7- is formed bv the total differentiation of x. or
dt dt

(pi4>) with respect to t, when the variables in p1 <f>
have

been expressed in terms of t by means of the equations of

motion of the molecules. Then it is clear, by reasoning precisely

the same as that employed in the elastic spheres, that every one

of the (AB) pair of molecules will commence an encounter in the

time 5^, or in other words the expression

fm-fn-dps . dqn.dr^ ...dsn -^
^

will give us the number of encounters in time between a pair
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of molecules in the AB state, i. e. with variables intermediate

between j 2
and p2 -f- dp2 $n and sn + dsn , p being made equal to

dx
<f)+ a in fm and -=- being found as above explained.

At the end of the time t+ r let the value of x become again

equal to a, i.e. let the encounter terminate, and let the values

of p2 . . .qm >
rv . .sn at the same instant be P2 . . . Qm ,

Rr . .Sn .

Then every encounter between a pair of molecules of the

M and N set commencing with the variables p2 ,..sn being
situated within the limits p2 ,

and _p2+ dp2 ,
&c -> &c

->
* an{^

sn + dsn ,
i.e. in the (AB) state, will terminate after an interval r

with the same variables being situated within the limits P2 and

P2+ dP2 , &c., &c., Sn and Sn + dSH , i.e. in the ( ff) state.

Conversely, every encounter commencing between pairs of

molecules in the (A' B'} state, with the exception only that their

momenta have opposite signs to the corresponding momenta in

that state, must terminate after the same interval r in the (AB)
state.

It will follow therefore that in order that the permanence of

the distribution of the medium may not be affected by an (AB)
encounter, the number of such encounters commencing in the

time t must be equal to the number of (A' B') encounters com-

mencing in the same time. But by giving suitable values to

the variables p2 . . . sn ,
all possible encounters between a molecule

of the M set and another of the N set may be represented by an

AB encounter, and therefore in order that the permanence of the

distribution of the medium may not be affected by any encounter

between an J/ and N molecule the above-mentioned condition

must be nlnHed.*"

Now we have seen that the number of (AB) encounters com-

mencing in the time 5^ is equal to

dec

when we have substituted $ -f x for p^ and made x equal to a.

* It is assumed, as self-evident, from our supposed constitution of the medium,

that the number of pairs of spheres in the A'B' state is the same as the number

in that state with the signs of the momenta reversed.
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Similarly the number of A'B' encounters is

when we have substituted < + Xfor P x and made X a.

Hence we must have
dec

Now doc dp2
. . . dsn = c?p 1 dp.2 . . dsn .

Also by the general proposition proved above

dp1 dps...d9n = dP
1 ...dPt...djSn ;

and as before

This last equation being true throughout the whole motion

it follows that

7
dx dX

dpt...A.-s -iPr .dS.-sr
,

and therefore that

We have seen that fm and fn must be of the forms

C(0i> 4>2> &c
-)>

and /nOh> ^2 >
&c

)
where

(j)1
= a

1 , </>2
=

2 ,
&c.

are equations found by eliminating ^ from any of the integrals

of the 2m equations of motion of one of the M set of molecules

and alt a
z , &c., are arbitrary constants, while \^15 T/r2

are similarly

related to the equations of motion of one of the n set of

molecules.

And therefore the equation of condition found above be-

comes

/*(*!, 4>2> &C.)/,W1} l|fg , &C.) =/(*!, $
2} &C.) /(*!, *2 , &C.)

Of all the equations of the form
<j>
= a and

\js
= let us take

the equations of conservation of energy and those only, so that

fm and fn become fm ($) and fn (\jf)
where and

i/r
are the sum

of the potential and kinetic energies of the respective molecules ;

then since the total energy, kinetic and potential, in any pair
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of molecules must be the same before and after an encounter

our equation becomes

/-

subject to the condition

Hence, as in the first proposition, we conclude that

/w )
= 4e-** and fn (^) = Se-^;

and the expression for dM
t
or the number of molecules of the

M set in the state (A) at any time t, becomes

where x is the potential and T the kinetic energy corresponding

to the state (A) of a molecule. It is obvious that the same law-

may by the same reasoning be shewn to ensure the permanence
of distribution as far as encounters between a pair of molecules

from any other pair of sets, or from any similar set, is con-

cerned : it is therefore the law of distribution which we require.

The constant h is the same for every set of molecules, but

A may be different for different sets. Hence we see, in the first

place, that the law of the arrangement of any one set of molecules

is the same as if that set existed alone in the region of space

under consideration.

Let the three coordinates pl9 p^ p^ be the three rectangular

coordinates of the centre of mass of the molecule, and let them

be denoted by SB, y, z, then if m be the mass of the molecule,

and
, v, w be the component velocities of its centre of mass

parallel to the same axes, the values of qlt q2 ,
and q3 will become

m^, m#, and mw, so that if
jt?4 , p59 &c...j?TO be the generalised

coordinates of the molecule relative to its centre of mass, and

q, 5 ..., the corresponding momenta, the value of T will

become

ere f is the kinetic energy of the molecule relative to its

centre of mass, and is therefore an essentially positive quadratic

function of the 's of the form

the Q's and ffs being known functions of the jie.



KINETIC THEORY OF GASES. 33

Therefore the expression for dMy or the ntimber of molecules

of theM set in the state A> takes the form of

m
h (u 1 v"

1

I w)

If we integrate this with respect to all the independent

variables except u, v, and w> we find that the number of

molecules of the M set, the component velocities of whose

centres of mass parallel to the axes lie between u and u + du,

v and H dv, w and w + dw, is equal to

De 2 du dv dw,

where c2 = u2 + v2 +w2 and D is independent of u, v, and w.

From this result we infer, precisely as in the case of the elastic

spheres,

(1) That all directions of motion of the centres of mass of the

molecules are equally probable.

(2) That the mean velocity of agitation of a molecule is '= :

Vmfi

(3) . square of the velocity of agitation is

(4) ,,
kinetic energy of agitations parallel

to either axis is .

2h
q

(5) * kinetic energy of agitation is . .

2 h

PROPOSITION VIII.

/ A number of sets of molecules are in motion in a given regionV
of space, under the circumstances of the last proposition, to find

the action of one part of the medium upon another.

The reasoning in this case is in all respects identical with that

employed in the corresponding proposition concerning the sets

of elastic spheres, and hence we infer

(1) That the pressure or action between two portions of the

medium separated by any plane is normal to that

plane.
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(2) That it is "the same for all directions of the normal to

that plane.

(3) That the amount of pressure, arising from any one set

p^2
of molecules, referred to unit of surface is -

3

where p is the density of the matter of which that

particular set is composed in the neighbourhood
of the point in question, and v2

is the mean square
of their velocity of translation.

Therefore j?, or the pressure referred to unit of surface arising

from the action of any one set, is ---, > and the total value of

jo is 2 -= > where 2 is the sum of the values of for allm ti m m
the sets of molecules.

To find the value of p for any one set of molecules in the

neighbourhood of any point, we have for the number of molecules

of theM set in the state A the expression

where f is a function of the jo's and q's as already explained.

Integrating with respect to all the momenta the result

becomes
P. e-*(x). dx dy dz dp4 ...dpm ,

where P is a function of the jo's only.

Now the forces acting on the molecule are either mutual

forces, if any, between different atoms of the molecule or forces

tending to fixed centres without the molecule, and we conceive

that the dimensions of the molecule are so very small in

comparison with the distances of these centres from any parts

of it that the latter forces are sensibly parallel and constant.

It follows therefore that \ t
or the potential energy of the

molecule, is the sum of two parts, viz. Xi> r the potential

energy of the whole mass collected at the centre of mass and

acted on by the external forces, and therefore a function of

#, y, z only, and X2 or ^ne potential energy of the mutual forces

(if any), and therefore a function of the jo's only.
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Therefore the number of molecules of the M set, whose

coordinates lie between x and x + d#, &c. . . .pm and pm -f dpm ,
is

Pe~ h (xi + xzldx dy dz dp^..,dpm ,

where P and \2
are functions of the ja's only and Xi is a- function

of a?, y, 2; only.

If therefore we integrate the last expression with respect to

the jo's we find for the number of molecules of the M set whose

centres of mass lie within the parallelepiped das dy dz the

expression

So that p = m Ce~ h *i and therefore, as in the elastic sphere

case, we obtain the equations

f = PX, f = P Y, ^ = PZ.dx dy dz

From t^resultsjofjhis^proposition we see, as injtke elastic

spheres, the agreement between the physical properties of a

medium composed of sets of molecules such as we are now

considering and a mixture of gases the temperature of which

is taken equal to the mean kinetic energy of translation of any
one of the molecules. (See pp. 22, 23 above.)

PROPOSITION IX.

A number of sets of molecules are in motion in a given region

of space under the circumstances of the two preceding pro-

positions ; required to find the mean value of the total kinetic

energy of any molecule.

For a molecule of the M set we have seen that the total

kinetic energy T is expressed by the equation

where/ is equal to Qq2 + Q&q
2
6+ &c. +-%4 $

f

5 + &c. as explained

e, and we have already proved that the mean value of

/ 3
'/ the first term in the expression for I7

is 7 > we proceed now
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to prove that the mean value of/ is ^ > and therefore that

the mean value of T is 7

Introduce m 3 new variables ?*4 ,
T5 ...rm connected with the

variables 4 , q$..-qm by the m 3 linear equations

. (a)

&C., &C.

The A's and /u's being like the Q's and 72's .functions of the

3 coordinates p. . .pm .

Now (Salmon's
{

Higher Algebra,' Lesson xii., p. 88) we may
etermine the A and ju coefficients in an infinite number of ways,

so that the function f may assume the form

the signs preceding each of the terms being positive because

no possible values of the ^'s, and therefore (by equations a) no

possible values of the r's can make f negative.

Now since dM is the number of molecules of theM set in the

state A, at any time it follows that the mean value of such a

quantity as r2 is equal to

Eliminate the ^'s from the expression for dM found above, i.e.

Ae-h <* + T
\dx...dqm ,

by means of the equations (a), and it becomes

where A is the functional determinant

dr,

dqrn

drm

and therefore independent of the r's, since the equations (a) are

linear. Also, since each of the ^'s ranges over all values from

oo to +00 ,
it follows from the equations (a) that each of the

r's must admit of a corresponding range.
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r v^ y*
00 VTT

But / e~ hr<i r2
c?r is -

> and / e~AH ctr is =
J 00 2^2 J <X> \Jl

Therefore

2,r*dM = r (-)
2 ^ //... Ae * 2 > dxdvdzdudvdw:

2h h JJ
m

and =
ffi

A ff..

I
and therefore the quotient, or the mean value of r2 , is 7

A li

But the mean value off is m-Himes that

squares of r. Therefore the mean value off is 7- and the

o m '

mean value of 7 is

PROPOSITION X.

y'A homogeneous gas being supposed to be constituted of moving
molecules with any given number of degrees of freedom, required^
to find the ratio of the specific heat at constant pressure to that

at constant volume.

First suppose that when a small quantity bQ of heat is

imparted to a unit of mass of the gas the temperature is raised

from r to r -f 6r, the volume remaining constant.

Since the volume remains unchanged there is no external

work performed, and therefore the whole of this energy Q
must be accounted for by increase of the total kinetic energy
and of the potential energy, therefore

where 8r and x are ^ne increases of mean total kinetic and

* The result in the text may also be arrived at by direct integration of the

expressions

and J/...A Te~ * + dx... dqm
over all values of the q'&, where T is an essentially positive homogeneous and

quadratic function of these variables.
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potential energy respectively of any molecule, and r is the

number of molecules in the unit of mass.

We have proved that T, the mean total kinetic energy of a

molecule, is equal to - - where m is the number of degrees of
o

freedom of the molecule
;

Next let the volume be allowed to increase so that the

pressure remains constant, and let 8'Q be the heat required
to raise the unit of mass from T to r+ 6r in this case.

Since external work is performed equal to p bv we must have

in this case

O M

But we know that pv = r, and since p remains constant
o

it follows that p b v = 6r ;

o

All that we know of -zjs that it must necessarily be positive,

and of m that it must be integral and not less than 3
; writing

therefore e for 3
-^Lin

the calculated value of the ratio of the

specific heats, this becomes

/ m + e + 2

or 1 +

We have seen that there is one gas for which the ratio is 1
,

\- giving us therefore m+e 3, and thus agreeing with the case

of the elastic spheres where there are three degrees of freedom
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determined by the coordinates of the centre, and where there is

no motion relative to the centre, so that m = 3 and e = 0.

For the majority of observed gases, however, the ratio is

1-408, giving us

5- = -408,
w-f e

and

For a few gases the ratio is 13, whence we get

2
--37^3-

and

And for a few other gases the ratio falls as low as 1-26,

giving us

m 4- e = 8 nearly.

The great difficulty in the establishment of the kinetic theory
of gases on the molecular hypothesis is to conceive a material/

system so constituted as to give a suitable value for m in the -

N

cases we have mentioned, especially for that most general case \

of all in which m + e = 49.

Hitherto we have supposed that the gas is so rare, or what is

the same thing, that the free path of the molecule is so long,

that the number of molecules engaged in encounters at any
instant may be neglected in comparison with the number of

those which are moving free from such encounters.

On this hypothesis we have found that the number of mole-

cules, each with m generalised coordinates, in any state (A) at

any time may be expressed by the formula

where T is the kinetic and x the potential energy of a molecule

whose coordinates and momenta are plt p2 ...pm , fr, fa--*?

respectively, the forces considered in x being either the mutual

forces between different atoms of the molecule, or external forces

tending to fixed centres, but not forces arising from the action

o/ surrounding molecules.

/ Let us consider now a mass of gas, containing an infinitely
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large number of molecules in thermal equilibrium, and suppose

tbat there are r molecules in each unit of mass of this gas.

The chance of any one of these r molecules, as J/15 being in

the state A
t
is as we have seen

where ds
t and d<r are written for the products dpl ...d2)m ,

dq-L ... dqm respectively, and Xi and T-^
are the values of x and T

when the coordinates and momenta have the values Pi...pm ,

q1 ...qm respectively.

Since the total number of molecules in the whole gas is

infinitely large, the chance of any one of them being in any

particular state may be regarded as independent of the states of

the other molecules, and therefore the chance of the r molecules

in unit of mass being at any time in the states A
l ,
A

2 ... Ar

respectively must be

Ce-h<x+T>dsl ...dsr d<T1 ...d(rr ,

where x = Xi + Xa--- + Xrj or ^Qe total potential energy of the

whole of the r molecules, and T T + Tz
...Tr9 or the total

kinetic energy of the whole of the r molecules in that particular

arrangement of the coordinates and velocities.

/ In this formula, as we have said, intermolecular forces do not
' enter into the value of \.

Now it has been proved by Dr. Ludwig Boltzmann in a

memoir published in the sixty-fourth volume of the Trans-

actions of the Imperial Philosophical Academy of Vienna, above

referred to, that the formula just now obtained will equally

^.L/_represent
the chance of the above arrangement of the r molecules

x even when intermolecular forces are taken into account.

In point of fact it is clear tbat if the r molecules of our unit

of mass were to continue free from encounters with any of the

remaining molecules, then the above law would ensure a per-

manent distribution whether intermolecular forces were con-

sidered or not, for \ + T would remain constant, and also the

product of the differentials
ds-^

. . . dsr ,
da-

l
. , . dcr

r , by what has been

proved on p. 12. In fact the reasoning would be in all respects

the same as that employed in Prop. IV above, the whole r
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molecules together taking the place of any one molecule in that

proposition.

/ In the memoir referred to it is demonstrated that this law of

*' distribution remains unaltered when the effect of encounters

between other gas molecules in thermal equilibrium with the

given mass of r molecules is taken into consideration.

From this law of distribution it follows, by the same reasoning
as has been^already employed, that if the mean kinetic energy of

agitation of a molecule be taken to represent the temperature r of

the gas, then the mean total kinetic energy of a molecule will .

be (m being the number of generalised coordinates of the
o

molecule).

The value of py or the pressure referred to unit of surface, will

pv
z

however no longer be equal to > as it was in the case where
o

the intermolecular forces were neglected, and before finding

its corrected value it will be necessary to prove an important

proposition due to Professor Clausius, premising the following

definitions.

When any number of material particles are in motion within

a limited space so that the particles do not remove continually

further and further from their original positions, and provided
also that the velocities of the particles do not continually

~

increase or decrease^such a system of material particles is said to

be in stationary motion.

If X, Y, Z be the component forces upon any one of a system
of particles in stationary motion, and %, y, and z be the coordi-

nates of such particle referred to any origin and axes, and the

quantity X% -\-Yy+ Zz be found for such particle, then the mean

value of the expression

during any period of stationary motion of the system, where 2

represents summation for all the particles, is called the Firial

of the system.
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PROPOSITION XI.

When a system of material particles is in stationary motion

the mean vis viva of the system is equal to its virial.

If os be any function of t,

.
Let x be the coordinate parallel to the axis of os at the time t

of that one of the material particles whose mass is m, and let

X be the component force on that particle parallel to the same

axis, then
dto

Hence equation (a) gives us

m,cfo 2 __ Xx m dz

m

j x-where .

y denotes the initial value of
o

r<%
2
)i

\.
y

L dt J

Now - / f r=-) ^ and -
/ Xxdt are the mean values of

t JQ ^at ' t JQ
7 O

(-J-)
and Xa? during the time t.

/If the motion be strictly periodic and t be taken equal to the

/length of a period or any multiple whatever of that length, then

V the last term on the right-hand side becomes zero ;
and if the

motion be not strictly periodic, still from its stationary character

as above denned, although the coefficient of in the last term
4 1

does not necessarily become zero for any value of t however

large, yet its value cannot increase indefinitely, but can only

fluctuate within certain limits, and therefore by sufficiently



KINETIC THEORY OF GASES. 43

increasing the value of t the last term on the right-hand side

becomes inappreciable and may be neglected, so that we obtain,

in either case, the equation

m
t
dx 2

T%>=
and therefore by similar reasoning with respect to y and z,

m

m
or . v2

2

,dz^<T\

5> J
= -

and therefore for any system of particles,

m-^ = -i .2(X#+ Yy+Zz).
&

If the force X, F, ^ arise from the mutual actions of the

particles, the expression for tne virial may be modified as

follows :

Let E be tlw> fnw^ (nppr>sPfi to be attractive)_JieJtoeji_any

two particles m and m7
whose coordinates are xyz, aftfsf, and

distance apart r.

Then

r r r

with similar expressions for Yy+ Y'y', Zz+Z'z' ;

.'. -(Xx+ X'x'+ Ty + ry+^+^V) = i7?r.

Extending this result to any number of particles we find

and

the bar indicating mean values.

* 5(^r) represents the mean value of the sum 2(Rr) taken for all possible

configurations.

^,-

Jr p i > \ i \
*

j I i> I\ A 1 1 ^

[VKitSJTV O
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PROPOSITION XII.

A number of material particles are in motion within a closed

surface under the action of their mutual forces, required to find

the pressure on the surface supposed to be normal to that surface

and uniform throughout.

By the last proposition we have

2 = -^(Xx+Yy + Zz).2

Also the part of the virial which depends upon mutual forces

between the particles has been proved to be equal to

where R is the force (assumed attractive) and r the distance

between any two of the particles. It remains to determine that

part of the virial which depends* upon the normal pressure.

Let p be this pressure referred to unit of surface, and let

a, /3, y be the angles which the normal to the surface drawn

inwards at any point makes with the axes, and let r be the

distance of that point from the origin.

Then the part of the virial arising from the pressure on the

element bS of the surface at this point will be
nri--

8/S(#cosa 4- y cos fi+ z cosy),

that is .rbS cosfl,
2

where is the angle between r and the normal to the surface,

drawn inwards.

Conceive a small conical surface to be described, having the

origin of coordinates for its vertex, and for its base the element

bS of the surface.

If bV be the volume of this elementary cone it is clear that
ft 9

rcos6 will be equal in magnitude to f 8F", and will be positive

or negative according as r meets the surface on the outside or

the inside.

Taking the sum of these elementary cones it is clear that the
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excess of the negative over the positive sum will be equal to the

volume included within the surface.

Hence the whole virial becomes

where V is the volume within the surface, and therefore we have

this equation for determining jo,

If the material particles be replaced by molecules it is easy to

see that the above-proved property of the virial still holds, when

#, y, and z represent the coordinates of the centre of mass of the

molecule, and X, Y, and Z are the component forces acting on

the molecule supposed to be applied at the centre of mass.

We shall therefore have the equation

where the first term is the part of the virial arising from the

mutual forces between the molecules.

It will not be rigorously true for two molecules of any form

as it is for two material particles that

Xx+ X'af+Yy+ Tjf+ Zz + Z'^ = -JRr,

R being the mutual force between the molecules (estimated as if

the mass of each molecule were collected at its centre of mass),

but inasmuch as for the large majority of pairs of molecules their

distances apart are infinitely large as compared with their dimen-

sions, and also, in taking the mean value ofXx+ Yy+ Zz, we have

to include cases in which the molecules are presented to each other

in all manner of relative directions, we conclude, as before, that

the mean value of Xx + Yy + Zz may be represented by the mean

value of Rr calculated as if the molecules were material

points, so that in all cases we have

where r is the temperature, or the mean value of the kinetic

energy of translation of a molecule.

When R= 0, then jF=f rrt agreeing with the result already

obtained for the cases in which there are no intermolecular

actions.
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PROPOSITION XIII.

To deduce the second lawjof thermodynamics from the results

of the kinetic theory of gases.

We Tiave" proved tnat~if a gas be composed of an infinite

number of molecules, as in the preceding propositions, the

chance of any r molecules being in the particular state A at any
time may be represented by

where x and T are the total potential and kinetic energy of the r

molecules in the state A, and ds
l
&c. . . . d<rt have the meanings

assigned to them on p. 40.

Let three of the generalised coordinates in the case of each

molecule be the three coordinates of the centre of mass, viz.

(KI^I^I &c.,xr yr zr ,
then the above chance may be represented

by

the ds comprising the product of the differentials of all the

coordinates except the #, y, and /s, and the dcr comprising the

product of the differentials of all the momenta. Also T is of

the form 2 -
(^

2
+fl

a + K>
2

)+ /, where / is a sum of quadratic

functions of the momenta relative to the centres of mass of the

different molecules.

Integrating with regard to the momenta, we see that the

chance of any configuration may be represented by

where P is a function of all the mr coordinates except the 3r
t

#, y, and Z'B, and ds is the product of the differentials of these

(m 3).r coordinates.

Hence it follows that the mean value f of any function f of

the positions of the molecules will be determined by the equation

fff...Pe-
h*dsdx

l
...dzr

'
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and that \ or the mean value of the potential energy will be

determined by the equation

~
///... Pe-

hxdsdx
l
...dzr

Suppose now that this unit of mass of gas, consisting of r

molecules, is contained in an envelope under the pressure p
referred to unit of surface, the volume enclosed by the envelope

being v, and let a small accession of heat bQ be imparted to it.

Then Ti and v will, in general, vary ;
let their increments be

denoted by bh and bv respectively.

There will therefore be an increase of mean kinetic and mean

potential energy, the former being b(
r)

or --TJJ^' an(^ ^e
2 ii

latter being 8x, where b\ has to be determined by the methods

given above.

There will also be external work produced equal to pbv, and

therefore by the conservation of energy we must have

whence we get
bQ r

.
2/k_

.
2h

And the second law of thermodynamics requires that , and

therefore -rbk-l--bx-\--pbv, should be a perfect differential
fi 3 3

for all values of bh and bv.

Let us in the first place suppose that there are no inter-

molecular forces, and let u be taken equal to the expression

Now P and the differentials included in ds are functions only

of the coordinates relative to the centre of mass of the molecules,

and are therefore independent of v.

Also since there are no intermolecular forces, it follows that x
is also independent of v.

Therefore bu = ^bh + ~bv}

dh dv
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where the latter term on the right-hand side represents the

increase of u arising from the variation of the limits of integra-
tion consequent upon the expansion.

Now
-

r ..dz

Also ~bv = blogff...(fFe-
h
xds)dxr ..dzr ,

where 8 refers to the variation of the limits of integration in the

#, y, and z's.

Now blogff...(fPe-*xds)dxl
.. dzr

_ff...(fPe-
h
xds)bdx1

...dzr

rbv

Also ^-
Because p = - in this case

vh

= 5 {-rlog^+ S^x+ f log//... (fPe-^ds)dxl
.. dzr }.

When the intermolecular forces are considered, the value of

-j-bv
will consist not only of the term r arising from the

variation of the limits of integration with regard to the #, yt

and z coordinates, but also of a term arising from the variation

* 8V is the alteration which would take place in u, if the volume were
dv ,

increased in the ratio ,
the ratio between the coordinates a?,.

. ,zr remain-

ing unaltered.
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of
x.
with regard to v. This latter term is seen from the value

of u to be ,

1
..dzr

and therefore in this case we have

. . . dzr

>

,
, u u

Also in this case we have

rbv 8
'

* 8*=T--s
But if there be a general cubical expansion in the mass from

v to v-{-bv, this must correspond to a linear expansion from r to

r+ brj where

Now since ^ is the attractive force between any pair of mole-

cules, 2 (R 6
r) for any particular configuration must be the in-

crease of potential energy consequent upon the expansion bv in

that particular configuration and the mean value of 2 (Rbr) for

all possible configurations, or 2(J?6r) must be the mean Tealue

of the increases of potential energy for all such configurations,

or

cv* It is important to distinguish between or the mean value of the rate of

dx
increase of potential energy on expansion for all configurations, and or the

rate of increase of the mean potential energy; the former is clearly equal to

- 2 (Rr) by what has been said above, and the latter is found by differentiating
ov

the expression for x with regard to v.
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Q r .. 2fc__ 2h
But -2.

as before.

It appears therefore that whether there be appreciable inter-

^ f)

molecular forces, or not, -~- will be the exact differential of a

function < of the independent variables h and v, where
<J>

is

equal to

When the molecules become material particles, P must be

replaced by unity, and the value of
</>
becomes

this being the form given by Dr. Boltzmann in the memoir

referred to above.*

Again, if we write dcr for the product dx^ ...dzr ,
we get

dv~ ff..,Pe-
hxdsda- ff...Pe-

hxdsd(r

But
dv~ ff...Pe-

h*dsda-

-

* The proof given above of the second law of thermodynamics on the principles

of the kinetic theory of gases is due to Mr. S. H. Burbury, M.A., formerly Fellow

of St. John's College, Cambridge, and was published in the Philosophical Magazine
for January, 1876.
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_ -~-
dv dv dh^dv' V dh ' dv

Now if r be the temperature, we have

3

But ^=-(see

,. -(*^ + l) | , =B -(*^v
c?/i

^ dh

But * + 1 = -

^7
Now 6 = r8r + 6

therefore 6^ = r5T+ 6 ./(r -= p)^v +pdv .

CuT

The expression obtained by Rankine and other writers upon

thermodynamics .
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8vo. clotb, 45.

Heracliti Ephesii Reliquiae. Recensuit I. Bywater, M.A.
8vo. cloth, price 6s. Just Published.

Irenaeus: The Third Book of St. Irenaeus, Bishop of Lyons,
against Heresies. With short Notes, and a Glossary. By H. Deane,
B.D., Fellow of St. John's College, Oxford. Crown 8vo. cloth. e,s. 6d.

Origenis Philosophumena ; sive omnium Haeresium Refutatio.
E Codice Parisino nunc primum edidit Emmanuel Miller. 1851. 8vo.

clotb, I os.

Patrum Apostolicorum, S. dementis Romani, S. Ignatii, S.

Polycarpi, quae supersunt. Edidit Guil. Jacobson, S.T.P.R. Tomi II.

Fourth Edition, 1863. 8vo. clotb, I/, is,



Clarendon Press, Oxford.

Reliquiae Sacrae secundi tertiique saeculi. Recensuit M. J.
Routh, S.T.P. Tomi V. Second Edition, 1846-1848. 8vo. cloth, il. 55.

Scriptorum Ecclesiasticorum Opuscula. Recensuit M. J.
Routh, S.T.P. Tomi II. Third Edition, 1858. 8vo. cloth, los.

Socratis Scholastici Historia Ecclesiastica. Gr. et Lat. Edidit
R. Hussey, S.T.B. Tomi III. 1853. 8vo. cloth, 155.

Sozomeni Historia Ecclesiastica. Edidit R. Hussey, S.T.B.
Tomi III. 1859. 8vo. cloth, 155.

Theodoreti Ecclesiasticae Historiae Libri V. Recensuit T.
Gaisford, S.T.P. 1854. 8vo. cloth, JS. 6d.

Theodoreti Graecarum Affectionum Curatio. Ad Codices MSS.
recensuit T. Gaisford, S.T.P. 1839. 8vo. cloth, 7$. 6d.

Bowling (J. G.) Notitia Scriptorum SS. Patrum aliorumque vet.

Eccles. Mon. quae in Collectionibus Anecdotorum post annum Christi

MDCC. in lucem editis continentur. 1839. 8vo. cloth, 45. 6d.

ECCLESIASTICAL HISTORY, BIOGRAPHY, &c.

Baedae Historia Ecclesiastica. Edited, with English Notes,
by G. H. Moberly, M.A. 1869. crown 8vo. cloth, los. 60?.

Bingham's Antiquities of the Christian Church, and other
Works. 10 vols. 1855. 8vo. cloth, 3/. 35.

Burnet's History of the Reformation of the Church of Eng-
land. A new Edition. Carefully revised, and the Records collated

with the originals, by N. Pocock, M.A. With a Preface by the Editor.

7 vols. 1865. 8vo. 4/. 45.

Burnet's Life of Sir M. Hale, and Fell's Life of Dr. Hammond.
1856. small 8vo. cloth, 2s. 6d.

Antient Liturgies. With Introduction, Notes, &c. By C. E.
Hammond, M.A. In Preparation.

Cardwell's Two Books of Common Prayer, set forth by
authority in the Reign of King Edward VI, compared with each other.

Third Edition, 1852. 8vo. cloth, 75.

Cardwell's Documentary Annals of the Reformed Church of

England ; being a Collection of Injunctions, Declarations, Orders, Arti-

cles of Inquiry, &c. from 1546 to 1716. 2 vols. 1843. 8vo. cloth, i8s,

Cardwell's History of Conferences on the Book of Common
Prayer from 1551 to 1690. Third Edition, 1849. 8vo. cloth, 75. 6d.

Councils and Ecclesiastical Documents relating to Great
Britain and Ireland. Edited, after Spelman and Wilkins, by A. W.
Haddan, B.D., and William Stubbs, M.A., Regius Professor of Modern

History, Oxford. Vols. I. and III. Medium 8vo. cloth, each I/, is.

Vol. II. Part I. Medium Svo. cloth, los. 6d.
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Formularies of Faith set forth by the King's Authority during
the Reign of Henry VIII. 1856. 8vo. clothes.

Fuller's Church History of Britain. Edited by J. S. Brewer,
M.A. 6 vols. 1845. 8vo. cloth, iL 195.

Gibson's Synodus Anglicana. Edited by E. Cardwell, D.D.
1854. 8vo. cloth, 6s.

Hussey's Rise of the Papal Power traced in three Lectures.
Second Edition, 1863. fcap. 8vo. cloth, 45. 6d.

Inett's Origines Anglicanae (in continuation of Stillingfleet).
Edited by J. Griffiths, M.A. 3 vols. 1855. 8vo. cloth, 155.

John, Bishop of Ephesus. The Third Part of his Ecclesias-
tical History. [In Syriac.] Now first edited by William Cureton,
M.A. 1853. 410. cloth, il. I2s.

The same, translated by R. Payne Smith, M.A. 1860. 8vo.

doth, I os.

Knight's Life of Dean Colet. 1823. 8vo. cloth, *js. 6d.

Le Neve's Fasti Ecclesiae Anglicanae. Corrected and continued

from 1715 to 1853 by T. Duftus Hardy. 3 vols. 1854. 8vo. cloth,

il. is.

Noelli (A.) Catechismus sive prima institutio disciplinaque
Pietatis Christianae Latine explicata. Editio nova cura Guil. Jacobson,
A.M. 1844. 8vo. cloth, 55. 6d.

Prideaux's Connection of Sacred and Profane History. 2 vols.

1851. 8vo. cloth, i os. .

Primers put forth in the Reign of Henry VIII. 1848. 8vo.

cloth, 55.

Records of the Reformation. The Divorce, 1527 1533.

Mostly now for the first time printed from MSS. in the British Museum
and other Libraries. Collected and arranged by N. Pocock, M.A.
2 vols. 8vo. cloth, I/. 1 6s.

Reformatio Legum Ecclesiasticarum. The Reformation of
Ecclesiastical Laws, as attempted in the reigns of Henry VIII, Edward

VI, and Elizabeth. Edited by E. Cardwell, D.D. 1850. 8vo. cloth,

6s. 6d.

Shirley's (W. W.) Some Account of the Church in the Apostolic
Age. Second Edition, 1874. fcap. 8vo. cloth, $s.6d.

Shuckford's Sacred and Profane History connected (in con-
tinuation of Prideaux). 2 vols. 1848. 8vo. cloth, los.

Stillingfleet's Origines Britannicae, with Lloyd's Historical

Account of Church Government. Edited by T. P. Pantin, M.A. 2 vols.

1842. 8vo. cloth, I os.

Stubbs's (W.) Registrum Sacrum Anglicanum. An attempt
to exhibit the course of Episcopal Succession in England. 1858. small

4to. cloth, 8s. 6d.
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Strype's Works Complete, with a General Index. 27 vols.

1821-1843. Svo. cloth, 7/. 135. 6d. Sold separately as follows:

Memorials of Granmer. 2 vols. 1840. Svo. cloth, us.
Life of Parker. 3 vols. 1828. Svo. cloth, i6s. 6d.

Life of Grindal. 1821. Svo. cloth, $s. 6d.

Life of Whitgift. 3 vols. 1822. Svo. cloth, i6s. 6d.

Life of Aylmer. 1820. Svo. cloth, $s. 6d.

Life of Cheke. 1821. Svo. cloth, $s. 6d.

Life of Smith. 1820. Svo. cloth, $s. 6d.

Ecclesiastical Memorials. 6 vols. 1822. Svo. cloth, i/. 13^.

Annals of the Reformation. 7 vols. Svo. cloth, 2!. $s. 6d.

General Index. 2 vols. 1828. Svo. cloth, us.

Sylloge Confessionum sub tempus Reformandae Ecclesiae edi-

tarum. Subjiciuntur Catechismus Heidelbergensis et Canones Synodi
Dordrechtanae. 1827. Svo. cloth, 8s.

ENGLISH THEOLOGY.
Beveridge's Discourse upon the XXXIX Articles. The third

complete Edition, 1847. Svo. cloth, 8s.

Bilson on the Perpetual Government of Christ's Church, with a

Biographical Notice by R.Eden, M.A. 1842. Svo. cloth, 45.

Biscoe's Boyle Lectures on the Acts of the Apostles. 1840. Svo.

cloth, 95. 6d.

Bull's Works, with Nelson's Life. By E. Burton, D.D. A
new Edition, 1846. 8 vols. Svo. cloth, 2l.gs.

Burnet's Exposition of the XXXIX Articles. Svo. cloth, TS.

Burton's (Edward) Testimonies of the Ante-Nicene Fathers to

the Divinity of Christ. Second Edition, 1829. Svo. cloth, 75.

Burton's (Edward) Testimonies of the Ante-Nicene Fathers to

the Doctrine of the Trinity and of the Divinity of the Holy Ghost.

1831. Svo. cloth, 35.60?.

Butler's Works, with an Index to the Analogy. 2 vols. 1874.
8vo. cloth, us.

Butler's Sermons. Svo. cloth, ss. 6d.

Butler's Analogy of Religion. Svo. cloth, $s. 6d.

Chandler's Critical History of the Life of David. 1853. Svo.

cloth, Ss. 6d.

Chillingworth's Works. 3 vols. 1838. Svo. cloth, il. is.6d.

Clergyman's Instructor. Sixth Edition, 1855. 8vo. cloth, 6j. 6d.

Comber's Companion to the Temple ;
or a Help to Devotion in

the use of the Common Prayer. 7 vols. 1841. Svo. cloth, il. us. 6af.

Cranmer's Works. Collected and arranged by H. Jenkyns,
M.A., Fellow of Oriel College. 4 vols. 1834. Svo. clotb,il.\os.
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Enchiridion Theologicum Anti-Romanum.
Vol. I. Jeremy Taylor's Dissuasive from Popery, and Treatise on

the Real Presence. 1852. 8vo. cloth, 8s.

Vol. II. Barrow on the Supremacy of the Pope, with his Discourse

on the Unity of the Church. 1852. Svo. cloth, 7$. 6d.

Vol. III. Tracts selected from Wake, Patrick, Stillingfleet, Clagett,
and others. 1837. Svo. cloth, us.

[Fell's] Paraphrase and Annotations on the Epistles of St. Paul.

1852. 8vo. cloth, 75.

GreswelTs Harmonia Evangelica. Fifth Edition, 1856. Svo.

cloth, gs. 6d.

Greswell's Prolegomena 'ad Harmoniam Evangelicam. 1840.
8vo. cloth, 95. 6d.

Greswell's Dissertations on the Principles and Arrangement
of a Harmony of the Gospels. 5 vols. 1837. Svo. cloth, 3/. 35.

Hall's (Bp.) "Works. A new Edition, by Philip Wynter, D.D.
10 vols. 1863. 8vo. cloth, 3/. 35.

Hammond's Paraphrase and Annotations on the New Testa-
ment. 4 vols. 1845. Svo. cloth, il.

Hammond's Paraphrase on the Book of Psalms. 2 vols. 1850.
8vo. cloth, I os.

Heurtley's Collection of Creeds. 1858. Svo. cloth, 6s. 6d.

Homilies appointed to be read in Churches. Edited by J.
Griffiths, M.A. 1859. Svo. cloth, 75. 6d.

Hooker's Works, with his Life by Walton, arranged by John
Keble, M.A. Sixth Edition, 1874. 3 vols. Svo. cloth, il. iis.6d.

Hooker's Works; the text as arranged by John Keble, M.A.
2 vols. 8vo. cloth, us.

Hooper's (Bp. George) Works. 2 vols. 1855. Svo. cloth, Ss.

Jackson's (Dr. Thomas) Works. 12 vols. 1844. 8vo. cloth,

3 Z. 6s.

Jewel's Works. Edited by R. W. Jelf, D.D. 8 vols. 1847.
8vo. cloth, il. IDS.

Patrick's Theological Works. 9 vols. 1859. Svo. cloth, il. is.

Pearson's Exposition of the Creed. Revised and corrected by
E. Burton, D.D. Sixth Edition, 1870. Svo. cloth, los. 6d.

Pearson's Minor Theological Works. Now first collected, with
a Memoir of the Author, Notes, and Index, by Edward Churton, M.A.
2 vols. 1844. Svo. cloth, los.

Sanderson's Works. Edited by W. Jacobson, D.D. 6 vols.

1854. 8vo, cloth, i/. I os.
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South's Sermons. 5 vols. 1842. 8vo. cloth, it. los.

Stanhope's Paraphrase and Comment upon the Epistles and

Gospels. A new Edition. 2 vols. 1851. 8vo. cloth, los.

Stillingfleet's Origines Sacrae. 2 vols. 1837. 8vo. cloth, gs.

Stillingfleet's Rational Account of the Grounds of Protestant

Religion; being a vindication of Abp. Laud's Relation of a Conference,
&c. 2 vols. 1844. 8vo. cloth, I os.

Wall's History of Infant Baptism, with Gale's Reflections, and
Wall's Defence. A new Edition, by Henry Cotton, D.C.L. 2 vols.

1862. 8vo. cloth, I/, is.

Waterland's Works, with Life, by Bp. Van Mildert. A new
Edition, with copious Indexes. 6 vols. 1857. Svo. cloth, 2/. I is.

Waterland's Review of the Doctrine of the Eucharist, with a

Preface by the present Bishop of London. 1868. crown 8vo. cloth,

6s. 6d.

Wheatly's Illustration of the Book of Common Prayer. A
new Edition, 1846. 8vo. cloth, 55.

Wyclif. A Catalogue of the Original Works of John Wyclif, by
W. W. Shirley, D.D. 1865. 8vo. cloth, 35. 6d.

Wyclif. Select English Works. By T. Arnold, M.A. 3 vols.

1871. 8vo. cloth, 2l. 2s.

Wyclif. Trialogus. With the Supplement now first edited. By
Gotthardus Lechler. 1869. 8vo. cloth, 145.

ENGLISH HISTORICAL AND DOCUMENTARY
WORKS.

Two of the Saxon Chronicles parallel, with Supplementary
Extracts from the Others. Edited, with Introduction, Notes, and a

Glossarial Index, by J..Earle, M.A. 1865. Svo. cloth, i6s.

Magna Carta, a careful Reprint. Edited by W. Stubbs, M.A.,
Regius Professor of Modern History. 1868. 4to. stitched, Is.

Britton, a Treatise upon the Common Law of England, com-
posed by order of King Edward I. The French Text carefully revised,

with an English Translation, Introduction, and Notes, by F. M. Nichols,

M.A. 2 vols. 1865. royal Svo. cloth, il. i6s.

Burnet's History of His Own Time, with the suppressed Pas-

sages and Notes. 6 vols. 1833. Svo. cloth, 2l. los.

Burnet's History of James II, with additional Notes. 1852.
8vo. cloth, 95. 6d.

Carte's Life of James Duke of Ormond. A new Edition, care-

fully compared with the original MSS. 6 vols. 1851. Svo. cloth, I/. 55.

Casauboni Ephemerides, cum praefatione et notis J. Russell,
S.T.P. Tomi II. 1850. Svo. cloth, 15*.
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Clarendon's (Edw. Earl of) History of the Rebellion and Civil

Wars in England. To which are subjoined the Notes of Bishop War-
burton. 7 vols. 1849. medium 8vo. cloth, 2l. IDS.

Clarendon's (Edw. Earl of) History of the Rebellion and Civil

Wars in England. 7 vols. 1839. iSmo. cloth, ll. is.

Clarendon's (Edw. Earl of) History of the Rebellion and Civil

Wars in England. Also His Life, written by Himself, in which is in-

cluded a Continuation of his History of the Grand Rebellion. With

copious Indexes. In one volume, royal 8vo. 1842. cloth, il. 2s.

Clarendon's (Edw. Earl of) Life, including a Continuation of
his History. 2 vols. 1857. medium 8vo. cloth, il. 2s.

Clarendon's (Edw. Earl of) Life, and Continuation of his His-

tory. 3 vols. 1827. 8vo. cloth, i6s.6d.

Calendar of the Clarendon State Papers, preserved in the
Bodleian Library.

Vol. I. From 1523 to January 1649. 8vo. cloth, iSs.

Vol. II. From the death of Charles I, 1649, to the end of the year

1654. 8vo. cloth, 1 6s.

Vol. III. From 1655 to 1657. 8vo. cloth, 145.

Freeman's (E. A.) History of the Norman Conquest of England :

its Causes and Results. Vols. I. and II. Second Edition, with Index.

8vo. cloth, ll. 1 6s.

Vol. III. The Reign of Harold and the Interregnum. Second

Edition, with Index. 8vo. cloth, ll. Is.

Vol. IV. The Reign of William. Second Edition. 8vo. cloth, ll. is.

Vol. V. The Effects of the Norman Conquest. 8vo. cloth, il. is.

Kennett's Parochial Antiquities. 2 vols. 1818. 4to. cloth, i/.

Lloyd's Prices of Corn in Oxford, 1583-1830. 8vb. sewed, is.

Luttrell's (Narcissus) Diary. A Brief Historical Relation of
State Affairs, 1678-1714. 6 vols. 1857. 8vo. cloth, ll. 45.

May's History of the Long Parliament. 1854. Svo. cloth, 6s. 6d.

Rogers's History of Agriculture and Prices in England, A.D.

1259-1400. 2 Vols. 1866. SVO. doth, 2/. 2S.

Sprigg's England's Recovery ; being the History of the Army
under Sir Thomas Fairfax. A new edition. 1854. Svo. cloth, 6s.

Whitelock's Memorials of English Affairs from 1625 to 1660.

4 vols. 1853. Svo. cloth, il. IDS.

Protests of the Lords, including those which have been

expunged, from 1624 to 1874 ;
with Historical Introductions. Edited

by James E. Thorold Rogers, M.A. 3 vols. Svo. cloth, 2l. is.

Enactments in Parliament, specially concerning the Universi-
ties of Oxford and Cambridge. Collected and arranged by J. Griffiths,
M.A. 1869. Svo. cloth I as.
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Ordinances and Statutes [for Colleges and Halls] framed or

approved by the Oxford University Commissioners. 1863. 8vo. clotb,

I2S.

Sold separately (except for Exeter, All Souls, Brasenose, Corpus, and

Magdalen Hall) at is. each.

Statuta Universitatis Oxoniensis. 1876. 8vo. cloth, $s.

The Student's Handbook to the University and Colleges
of Oxford. Third Edition. Extra fcap. 8vo. cloth, 2s. 6d.

Index to Wills proved in the Court of the Chancellor of the

University of Oxford, &c. Compiled by J. Griffiths, M.A. 1862.

royal 8vo. cloth, 35. 6d.

Catalogue of Oxford Graduates from 1659 to 1850. 1851.
8vo. clotb, 75. 6d.

CHRONOLOGY, GEOGRAPHY, &c.

Clinton's Fasti Hellenici. The Civil and Literary Chronology
of Greece, from the LVIth to the CXXIIIrd Olympiad. Third edition,

1841. 4to. cloth, ll. 145. 6d.

Clinton's Fasti Hellenici. The Civil and Literary Chronology
of Greece, from the CXXIVth Olympiad to the Death of Augustus.
Second edition, 1851. 4to. cloth, ll. I2s.

Clinton's Epitome of the Fasti Hellenici. 1851. 8vo. cloth,
6s. 6d.

Clinton's Fasti Romani. The Civil and Literary Chronology
of Rome and Constantinople, from the Death of Augustus to the Death
of Heraclius. 2 vols. 1845, 1850. 4to. cloth, $1. 95.

Clinton's Epitome of the Fasti Romani. 1854. 8vo. cloth, TS.

Cramer's Geographical and Historical Description of Asia
Minor. 2 vols. 1832. 8vo. cloth, I is.

Cramer's Map of Asia Minor, 15^.

Cramer's Map of Ancient and Modern Italy, on two sheets, i$s.

Cramer's Description of Ancient Greece. 3 vols. 1828. 8vo.

cloth, 1 6s. 6d.

Cramer's Map ofAncient and Modern Greece, on two sheets, 15^.

Greswell's Fasti Temporis Catholici. 4 vols. 1852. 8vo. cloth,

Greswell's Tables to Fasti, 4to., and Introduction to Tables,
8vo. cloth, 155.

Greswell's Origines Kalendarise Italicse. 4 vols. 8vo. cloth,
2l. 2S.

Greswell's Origines Kalendariae Hellenics. 6 vols. 1862.

8vo. cloth, 4/. 45.



1 6 Clarendon Press, Oxford.

PHILOSOPHICAL WORKS, AND GENERAL
LITERATURE.

The Logic of Hegel; translated from the Encyclopaedia of
the Philosophical Sciences. With Prolegomena. By William Wallace,
M.A. 8vo. cloth, 145.

Bacon's Novum Organum, edited, with English notes, by G. W.
Kitchin, M.A. 1855. 8vo. cloth, ps. 6d.

Bacon's Novum Organum, translated by G. W. Kitchin, M.A.
1855. 8vo. cloth, 95. 6d.

The Works of George Berkeley, D.D., formerly Bishop of

Cloyne ; including many o'f his writings hitherto unpublished. With
Prefaces, Annotations, and an Account of his Life and Philosophy,

by Alexander Campbell Fraser, M.A. 4 vols. 1871. Svo. cloth,

2l. 1 8s.

The Life, Letters, &c. i vol. cloth, i6s. See also p. 23.

Smith's Wealth of Nations. A new Edition, with Notes,
by J. E. Thorold Rogers, M.A. 2 vols. 1870. cloth, 2 is.

A Course of Lectures on Art, delivered before the University
of Oxford in Hilary Term, 1870. By John Ruskin, M.A., Slade

Professor of Fine Art. Svo. cloth, 6s.

A Critical Account of the Drawings by Michel Angelo
and Raffaello in the University Galleries, Oxford. By J. C. Robinson,
F.S.A. Crown Svo. cloth, 45.

MATHEMATICS, PHYSICAL SCIENCE, &c.

Arehimedis quae supersunt omnia cum Eutocii commentariis
ex recensione Josephi Torelli, cum nova versione Latina. 1792. folio.

cloth, I/. 55.

Bradley's Miscellaneous Works and Correspondence. With an
Account of Harriot's Astronomical Papers. 1832. 4to. cloth, 175.

Reduction of Bradley's Observations by Dr. Busch. 1838. 4to.
cloth, 35.

Treatise on Infinitesimal Calculus. By Bartholomew Price,
M.A., F.R.S., Professor of Natural Philosophy, Oxford.

Vol. I. Differential Calculus. Second Edition, 1858. Svo. cloth,

145. 6d.

Vol. II. Integral Calculus, Calculus of Variations, and Differential

Equations. Second Edition, 1865. Svo. cloth, 185.

Vol. III. Statics, including Attractions ; Dynamics of a Material
Particle. Second Edition, 1868. Svo. cloth, i6s.

Vol. IV. Dynamics of Material Systems; together with a Chapter on
Theoretical Dynamics, by W. F. Donkin, M.A., F.R.S. 1862.
Svo. cloth, i6s.
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A Treatise on the Kinetic Theory of Gases. By Henry
William Watson, M.A., formerly Fellow of Trinity College, Cambridge.
1876. Svo. cloth, 35. 6d.

Rigaud's Correspondence of Scientific Men of the lyth Century,
with Index by A. de Morgan. 2 vols. 1841-1862. Svo. cloth, l8s. 6d.

Daubeny's Introduction to the Atomic Theory. Second Edition,

greatly enlarged. 1850. l6mo. cloth, 6s.

Vesuvius. By John Phillips, M.A., F.R.S., Professor of

Geology, Oxford. 1869. Crown Svo. cloth, ios.6d.

Geology of Oxford and the Valley of the Thames. By the same
Author. Svo. cloth, 2 is.

Synopsis of the Pathological Series in the Oxford Museum.
By H. W. Acland, M.D., F.R.S., 1867. Svo. cloth, 2s. 6d.

Thesaurus Entomologicus Hopeianus, or a Description of
the rarest Insects in the Collection given to the University by the

Rev. William Hope. By J. O. Westwood, M.A. With 40 Plates,

mostly coloured. Small folio, half morocco, Jl. los.

Text-Book of Botany, Morphological and Physiological. By
Dr. Julius Sachs, Professor of Botany in the University of Wurzburg.
Translated by A. W. Bennett, M.A. Royal Svo. half morocco,

il.iis.6d.

BIBLIOGRAPHY.
Ebert's Bibliographical Dictionary, translated from the German,

4 vols. 1837. 8vo. cloth, i/. los.

Cotton's List of Editions of the Bible in English. Second Edition,
corrected and enlarged. 1852. Svo. cloth, 8s. 60?.

Cotton's Typographical Gazetteer. 1831. Svo. cloth, i2s. 6d.

Cotton's Typographical Gazetteer, Second Series. 1866. Svo.

cloth, I2s. 6d.

Cotton's Rhemes and Doway. An attempt to shew what has
been done by Roman Catholics for the diffusion of the Holy Scriptures

in English. 1855. Svo. cloth, 95.

BODLEIAN LIBRARY CATALOGUES, &c.

Gatalogus Codd. MSS. Orientalium Bibliothecae Bodleianae :

Pars I, a J. Uri. 1788. fol. IDS.

Partis II Vol. I, ab A. Nicoll, A.M. 1821. fol. IDS.

Partis II Vol. II, Arabicos complectens, ab E. B. Pusey, S.T.B. 1835.
fol. I/.

Catalogus MSS. qui ab E. D. Clarke comparati in Bibl. Bodl.
adservantur :

Pars prior. Inseruntur Scholia inedita in Platonem et in Carmina

Gregorii Naz. 1812. 410. 55.
Pars posterior, Orientales complectens, ab A. Nicoll, A.M. 1814.

4to. 2s. 6d.
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Catalogus Godd. MSS. et Impressorum cum notis MSS. olim

D'Orvillianorum, qui in Bibl. Bodl. adservantur. 1806. 4to. 2s. 6d.

Catalogus MSS. Borealium praecipue Islandicae Originis, a Finno

Magno Islando. 1832. 410. 45.

Catalogus Codd. MSS. Bibliothecae Bodleianae:

Pars I. Codices Graeci, ab H. O. Coxe, A.M. 1853. 410. iJ.

Partis II. Fasc. I. Codices Laudiani, ab H. O. Coxe, A.M. 1858.

4to. I/.

Pars III. Codices Graeci et Latini Canoniciani, ab H. O. Coxe, A.M.

1854. 4to. I/.

Pars IV. Codices T. Tanneri, ab A. Hackman, A.M. 1860. 410. I2s.

Pars V. Codicum R. Rawlinson classes duae priores, a Guil. D.

Macray, A.M. 1862. 410. I2s.

Pars VI. Codices Syriaci, a R. P. Smith, A.M. 1864. 410. iZ.

Pars VII. Codices Aethiopici, ab A. Dillmann, Ph. Doct. 1848. 410.
6s. 6d.

Pars VIII. Codices Sanscritici, a Th. Aufrecht, A.M. 1859-1864.
4to. il. IDS.

Catalogo di Codici MSS. Canoniciani Italici, compilato dal Conte
A. Mortara. 1864. 410. los. 6d.

Catalogus Librorum Impressorum Bibliothecae Bodleianae.
Tomi IV. 1843 to 1850. fol. 4/.

Catalogus Dissertationum Academicarum quibus nuper aucta est

Bibliotheca Bodleiana. 1834. fol. 7$.

Catalogue of Books bequeathed to the Bodleian Library by
R. Gough, Esq. 1814. 410. 155.

Catalogue of Early English Poetry and other Works illustrating
the British Drama, collected by Edmond Malone, Esq. 1835. fol. 45.

Catalogue of the Printed Books and Manuscripts bequeathed to

the Bodleian Library by Francis Douce, Esq. 1840. fol. 155.

Catalogue of a Collection of Early Newspapers and Essayists pre-
sented to the Bodleian Library by the late Rev. F. W. Hope. 1865.
8vo. 75. 6d.

Catalogue of the Manuscripts bequeathed to the University of

Oxford by Elias Ashmole. By W. H. Black. 1845. 410. I/. los.

Index to the above, by W. D. Macray, M.A. 1867. 4to.
i os.

Catalogus Codd. MSS. qui in Collegiis Aulisque Oxoniensibus
hodie adservantur. Confecit H. O. Coxe, A.M. Tomi II. 1852. 4to.

2l.

Catalogus Codd. MSS. in Bibl. Aed. Christi ap. Oxon. Curavit
G. W. Kitchin, A.M. 1867. 4to. 6s. 6d.
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Clacrattom

The Delegates of the Clarendon Press having undertaken

the publication of a series of works, chiefly educational, and

entitled the Clnmrbtm |kess Series have published, or have

in preparation, the following.

Those to which prices are attached are already published ; the others are in

preparation.

I. LATIN; GRAMMAR, CLASSICS, &c.

An Elementary Latin Grammar. By John B. Allen, M.A.,
Head Master of Perse Grammar School, Cambridge. Extra fcap. 8vo.

cloth, 2s. 6d.

A First Latin Exercise Book. By the same Author. Extra

fcap. 8vo. cloth, 2s. 6d.

A Series of Graduated Latin Readers.

First Latin Reader. By T. J. Nunns, M.A. Second Edition.

Extra fcap. 8vo. cloth, 2s.

Second Latin Reader.

Third Latin Reader, or Specimens of Latin Literature.
Part I, Poetry. By James McCall Marshall, M.A., Dulwich College.

Fourth Latin Reader.

Cicero. Selection of interesting and descriptive passages. With
Notes. By Henry Watford/ M.A., Wadham College, Oxford, Assistant

Master at Haileybury College. In three Parts. Second Edition. Extra

fcap. 8vo. clolb, 45. 6d.

Each Part separately, limp, is. 6d.

Part I. Anecdotes from Grecian and Roman History.
Part II. Omens and Dreams: Beauties of Nature.

Part III. Rome's Rule of her Provinces.

Cicero. Selected Letters (for Schools). With Notes. By the
late C. E. Prichard, M.A., formerly Fellow of Balliol College, Oxford,
and E. R. Bernard, M.A., Fellow of Magdalen College, Oxford. Second

Edition. Extra fcap. 8vo. cloth, 35.

Pliny. Selected Letters (for Schools). With Notes. By
the same Editors. Extra fcap. 8vo. cloth, 35.
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Caesar. The Commentaries (for Schools). With Notes and

Maps. By Charles E. Moberly, M.A.

Part I. The Gallic War. Third Edition. Extra fcap. 8vo. cloth, 45.6^.

Part II. The Civil War. Extra fcap. 8vo. cloth, 35. 6d.

The Civil War. Book I. Extra fcap. Svo. cloth, 2s.

Cornelius Nepos. With Notes. By Oscar Browning, M.A.,
Fellow of King's College, Cambridge, and Assistant Master at Eton

College. Extra fcap. Svo. cloth, 2s. 6d.

Livy. Selections (for Schools). With Notes and Maps. By
H. Lee-Warner, M.A., Assistant Master in Rugby School. Extra fcap.
Svo. In Parts, limp, each is. 6d.

Part I. The Caudine Disaster.

Part II. Hannibal's Campaign in Italy.

Part III. The Macedonian War.

Livy, Books I-X. By J. R. Seeley, M.A., Regius Professor
of Modern History, Cambridge. Book I. Second Edition. Svo.

cloth, 6s.

Also a small editionfor Schools.

Tacitus. The Annals. Books I-VI. With Essays and Notes.

By T. F. Dallin, M.A., Tutor of Queen's College, Oxford. Preparing.

Passages for Translation into Latin. For the use of Pass-
men and others. Selected by J. Y. Sargent, M.A., Fellow and Tutor of

Magdalen College, Oxford. Third Edition. Ext. fcap. Svo. cloth, 2s.6d.

Cicero's Philippic Orations. With Notes. By J. R. King, M.A.,
formerly Fellow and Tutor of Merton College. Svo. cloth, los. 6d.

Cicero. Select Letters. With English Introductions, Notes,
and Appendices. By Albert Watson, M.A., Fellow and formerly Tutor
of Brasenose College, Oxford. Second Edition. Demy Svo. cloth, 1 8s.

Cicero. Select Letters. Text. By the same Editor. Extra

fcap. Svo. cloth, 45.

Cicero pro Cluentio. With Introduction.and Notes. By W.
Ramsay, M.A. Edited by G. G. Ramsay, M.A., Professor of Humanity,
Glasgow. Extra fcap. Svo. cloth, 35. 6d.

Cicero de Oratore. With Introduction and Notes. By
A.S. Wilkins, M.A., Professor of Latin, Owens College, Manchester.

Catulli Veronensis Liber. Recognovit, apparatum criticum

prolegomena appendices addidit, Robinson Ellis', A.M. 1867. Svo.

cloth, 1 6s.

Catulli Veronensis Carmina Selecta, secundtim recogni-
tionem Robinson Ellis, A.M. Extra fcap. Svo. cloth, 35. 6d.

A Commentary on Catullus. By Robinson Ellis, M.A. Demy
Svo. cloth, 1 6s.
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Horace. With a Commentary. Volume I. The Odes, Carmen
Seculare, and Epodes. By Edward C. Wickham, M.A., Head Master
of Wellington College. 8vo. cloth, I2s.

Also a small edition for Schools.

Ovid. Selections for the use of Schools. With Introductions
and Notes, and an Appendix on the Roman Calendar. By W. Ramsay,
M.A. Edited by G. G. Ramsay, M.A., Professor of Humanity, Glas-

gow. Second Edition. Ext. fcap. 8vo. cloth, 55. 60?.

Persius. The Satires. With a Translation and Commentary.
By John Conington, M.A., late Corpus Professor of Latin in the Univer-

sity of Oxford. Edited by Henry Nettleship, M.A. Second Edition.

8vo. clotb, 7$. 60?.

Vergil : Suggestions Introductory to a Study of the Aeneid,

By H. Nettleship, M.A. 8vo. sewed, is. 6d.

Selections from the less known Latin Poets. By North
Finder, M.A. Demy 8vo. cloth, 155.

Fragments and Specimens of Early Latin. With Intro-
ductions and Notes. By John Wordsworth, M.A., Tutor of Brasenose

College, Oxford. Demy 8vo. cloth, 1 8s.

A Manual of Comparative Philology. By T. L. Papillon,
M.A., Fellow and Lecturer of New College. Crown 8vo. cloth, 6s.

The Ancient Languages of Italy. By Theodore Aufrecht,
Phil. Doct. Preparing.

The Roman Poets of the Augustan Age. By William

Young Sellar, M.A., Professor of Humanity in the University of

Edinburgh. VIRGIL. 8vo. cloth, 145.

The Roman Poets of the Republic. By the same Editor.

Preparing.

II. GREEK; GRAMMARS, CLASSICS, &c.

A Greek Primer in English for the use of beginners.

By the Right Rev. Charles Wordsworth, D.C.L., Bishop of St. Andrews.

Fourth Edition. Extra fcap. 8vo. cloth, is. 6d.

GraecaeGrammaticae Rudimenta in usum Scholarum. Auctore
Carolo Wordsworth, D.C.L. Eighteenth Edition, 1875. I2mo. bound, 45.

A Greek-English Lexicon, abridged from Liddell and Scott's

4to. edition, chiefly for the use of Schools. Seventeenth Edition. Care-

fully Revised throughout. 1876. Square 1 2mo. cloth, 75.60?.

Greek Verbs, Irregular and Defective; their forms, mean-

ing, and quantity ; embracing all the Tenses used by Greek writers,

with reference to the passages in which they are found. By W. Veitch.

New Edition. Crown 8vo. cloth, los. 6d.

The Elements of Greek Accentuation (for Schools) : abridged
from his larger work by H. W. Chandler, M.A., Waynflete Professor of

Moral and Metaphysical Philosophy, Oxford. Ext. fcap. 8vo. clotb, 2s. 6d.
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A Series of Graduated Greek Headers.

First Greek Reader. In the Press.

Second Greek Reader. In Preparation.

Third Greek Reader. In Preparation.

Fourth Greek Reader ; being Specimens of Greek
Dialects. With Introductions and Notes. By W. W. Merry, M.A.,
Fellow and Lecturer of Lincoln College. Extra fcap. 8vo. cloth, 45. 6d.

Fifth Greek Reader. Part I. Selections from Greek Epic
and Dramatic Poetry, with Introductions and Notes. By Evelyn
Abbott, M.A., Fellow of Balliol College. Ext. fcap. 8vo. cloth, 45. 6d.

Part II. By the same Editor. In Preparation.

Xenophon. Easy Selections (for Junior Classes). With a

Vocabulary, Notes, and Map. By J. S. Phillpotts, B.C.L., Head
Master of Bedford School ; and C. S. Jerram, M.A., late Scholar of

Trinity College, Oxford. Extra fcap. 8vo. cloth, 35. 6d.

Xenophon. Selections (for Schools). With Notes and Maps.
By J. S. Phillpotts, B.C.L., Head Master of Bedford School. Part I.

Third Edition. Ext. fcap. 8vo. cloth, 35. 6d.

Arrian. Selections (for Schools). With Notes. By J. S. Phill-

potts, B.C.L., Head Master of Bedford School.

The Golden Treasury of Ancient Greek Poetry ; being a Col-
lection of the finest passages in the Greek Classic Poets, with Introduc-

tory Notices and Notes. By R. S. Wright, M.A., Fellow of Oriel

College, Oxford. Ext. fcap. 8vo. cloth, 8s. 6d.

A Golden Treasury of Greek Prose, being a collection of the
finest passages in the principal Greek Prose Writers, with Introductory
Notices and Notes. By R. S. Wright, M.A., and J. E. L. Shadwell, M.A.
Ext. fcap. 8vo. cloth, 45. 6d.

Aristotle's Politics. By W. L. Newman, M.A., Fellow of
Balliol College, Oxford.

Demosthenes and Aeschines. The Orations of Demosthenes
and .ffischines on the Crown. With Introductory Essays and Notes.

By G. A. Simcox, M.A., and W. H. Simcox, M.A. 8vo. cloth, 1 2s.

Theocritus (for Schools). With Notes. By H. Kynaston, M.A.
(late Snow), Head Master of Cheltenham College. Second Edition.

Extra fcap. 8vo. cloth, 45. 6d.

Homer. Odyssey, Book II. With Introduction, Notes, and
Table of Homeric Forms. By W. W. Merry, M.A., Fellow and Lecturer

of Lincoln College, Oxford. Ext. fcap. 8vo. cloth, is. 6d.

Homer. Odyssey, Books I XII (for Schools). By the same
Editor. Fifth Edition. Extra fcap. 8vo. cloth, 45. 6d.

Homer. Odyssey, Books XIII-XXIV (for Schools). By the
same Editor. In Preparation.
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A Homeric Grammar. By D. B. Monro, M.A., Fellow of
Oriel College. In Preparation.

Homer. Odyssey, Books I-XII. Edited with English Notes,
Appendices, etc. By W. W. Merry, M.A., Fellow and Lecturer of
Lincoln College, Oxford ; and the late James Riddell, M.A., Fellow of

Balliol College, Oxford. Demy 8vo. cloth, i6s.

Homer. Odyssey, Books XIII-XXIV. By Robinson Ellis,
M.A., Fellow of Trinity College, Oxford.

Homer. Iliad. By D. B. Monro, M.A., Fellow and Tutor of
Oriel College, Oxford.

Also a small edition for Schools.

Plato. Selections (for Schools). With Notes. By B. Jowett,
M.A., Regius Professor of Greek ; and J. Purves, M.A., Fellow and
Lecturer of Balliol College, Oxford.

Sophocles. The Plays and Fragments. With English Notes
and Introductions. By Lewis Campbell, M.A., Professor of Greek, St.

Andrews, formerly Fellow of Queen's College, Oxford. 2 vols.

Vol. I. Oedipus Tyrannus. Oedipus Coloneus. Antigone. 8vo.

cloth, 145.

Sophocles. The Text of the Seven Plays. By the same Editor.
Ext. fcap. 8vo. cloth, 45. 6d.

Sophocles. In Single Plays, with English Notes, &c. By Lewis
Campbell, M.A., Professor of Greek. St. Andrews, and Evelyn Abbott,
M.A., Fellow of Balliol College, Oxford. Extra fcap. 8vo. limp.

Oedipus Rex, Oedipus Coloneus, Antigone, is. yd. each.

Ajax, Electra, Trachiniae, 2s. each.

Sophocles. Oedipus Rex : Dindorf's Text, with Notes by the
present Bishop of St. David's Ext. fcap. 8vo. limp, is. 6d.

III. MENTAL AND MORAL PHILOSOPHY.

The Elements of Deductive Logic, designed mainly for the
use of Junior Students in the Universities. By T. Fowler, M.A.,
Professor of Logic, Oxford. Fifth Edition, with a Collection of Ex-

amples. Extra fcap. 8vo. cloth, 35. 6d.

The Elements of Inductive Logic, designed mainly for the
use of Students in the Universities. By the same Author. Second
Edition. Extra fcap. 8vo. cloth, 6s.

Selections from Berkeley, with an Introduction and Notes.
For the use of Students in the Universities. By Alexander Campbell
Fraser, LL.D. Crown 8vo. cloth, Js. 6d. See also p. 16.

A Manual of Political Economy, for the use of Schools. By
J. E. Thorold Rogers, M.A., formerly Professor of Political Economy,
Oxford. Third Edition. Extra fcap. 8vo. cloth, 45. 60?.
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IV. MATHEMATICS, &c.

Figures Made Easy: a first Arithmetic Book. (Introductory
to ' The Scholar's Arithmetic.') By Lewis Hensley, M.A., formerly
Fellow and Assistant Tutor of Trinity College, Cambridge. Crown 8vo.

doth, 6d.

Answers to the Examples in Figures made Easy, together
with two thousand additional Examples formed from the Tables in the

same, with Answers. By the same Author. Crown 8vo. cloth, is.

The Scholar's Arithmetic; with Answers to the Examples.
By the same Author. Crown 8vo. cloth, 45. 6d.

The Scholar's Algebra. An Introductory work on Algebra.
By the same Author. Crown Svo. cloth, 45. 6d.

Book-keeping. By R. G. C. Hamilton, Financial Assistant

Secretary to the Board of Trade, and John Ball (of the Firm of

Quilter, Ball, & Co.), Co-Examiners in Book-keeping for the Society
of Arts. New and enlarged Edition. Extra fcap. Svo. limp cloth, 2s,

A Course of Lectures on Pure Geometry. By Henry J.

Stephen Smith, M.A., F.R.S., Fellow of Corpus Christi College, and
Savilian Professor of Geometry in the University of Oxford.

Acoustics. By W. F. Donkin, M.A., F.R.S., Savilian Professor
of Astronomy, Oxford. Crown Svo. cloth, 75. 6d.

A Treatise on Electricity and Magnetism. By J. Clerk
Maxwell, M.A., F.R.S., Professor of Experimental Physics in the Uni-

versity of Cambridge. 2 vols. Svo. cloth, ll. us. 6d.

An Elementary Treatise on the same subject. By the same
Author. Preparing.

V. HISTORY.

A Constitutional History of England, in its Origin and
Development. By W. Stubbs, M.A., Regius Professor of Modern

History in the University of Oxford. Vols. I and II. Crown Svo.

cloth, each 1 25.

Vol. III. In the Press.

Select Charters and other Illustrations of English Con-
stitutional History, from the Earliest Times to the Reign of Edward I.

Arranged and Edited by W. Stubbs, M.A., Regius Professor of Modern

History in the University of Oxford. Second Edition. Crown Svo.

cloth, 8s. 6d.
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A History of England, principally in the Seventeenth Century.
By Leopold Von Ranke. Translated by Resident Members of the

University of Oxford, under the superintendence of G. W. Kitchin,

M.A., and C. W. Boase, M.A. 6 vols. 8vo. cloth, $1. 35.

Genealogical Tables illustrative of Modern History. By
H. B. George, M.A. Second Edition. Revised and Corrected. Small

4to. cloth, 1 2s.

A History of France. With numerous Maps, Plans, and
Tables. By G. W. Kitchin, M.A. In Three Volumes, crown Svo.

cloth, los. 6d. each.

Vol. i. Down to the Year 1453. Vol. 2. From 1453-1624.
Vol. 3. From 1624-1793.

A Manual of Ancient History. By George Rawlinson, M.A.,
Camden Professor of Ancient History, formerly Fellow of Exeter

College, Oxford. Demy Svo. clofb, 145.

A History of Germany and of the Empire, down to the close
of the Middle Ages. By J. Bryce, D.C.L., Regius Professor of Civil

Law in the University of Oxford.

A History of British India. By S. J. Owen, M.A., Reader in

Indian Law and History in the University of Oxford.

A History of Greece. By E. A. Freeman, M.A., formerly
Fellow of Trinity College, Oxford.

A Selection from the Despatches, Treaties, and other Papers
of the Marquess Wellesley, K.G., during his Government of India

;
with

Appendix, Map of India, and Plans. Edited by S. J. Owen, M.A.,
Reader in Law and History, and Tutor at Christ Church ; formerly
Professor of History in the Elphinstone College, Bombay. Svo. cloth,

I/. 45. Just Published.

VI. LAW.
An Introduction to the Principles of Morals and Legisla-

tion. By Jeremy Bentham. Crown Svo. cloth, 6s. 6d.

Elements of Law considered with reference to Principles of
General Jurisprudence. By William Markby, M.A., Judge of the High
Court of Judicature, Calcutta. Second Edition, with Supplement.
Crown Svo. cloth, 75. 6d.

An Introduction to the History of the Law of Real
Property, with original Authorities. By Kenelm E. Digby, M.A., of

Lincoln's Inn, Barrister-at-Law, and formerly Fellow of Corpus Christi

College, Oxford. Crown Svo. cloth, 7$. 6d.

The Elements of Jurisprudence. By Thomas Erskine
Holland, D.C.L., Chichele Professor of International Law and Diplo-

macy, and formerly Fellow of Exeter College, Oxford. Preparing.

The Institutes of Justinian, edited as a recension of the
Institutes of Gaius. By the same Editor. Extra fcap. Svo. cloth, 55.
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Gail Institutionum Juris Civilis Commentarii Quatuor;
or, Elements of Roman Law by Gaius. With a Translation and Com-
mentary by Edward Poste, M.A., Barrister-at-Law, and P'ellow of Oriel

College, Oxford. Second Edition. 8vo. cloth, iSs.

Select Titles from the Digest of Justinian. By T. E.
Holland. D.C.L., Chichele Professor of International Law and Diplo-

macy, and formerly Fellow of Exeter College, Oxford, and C. L. Shadwell,

B.C.L., Fellow of Oriel College, Oxford. In Parts.

Part I. Introductory Titles. 8vo. sewed, 2j. 6d.

Part II. Family Law. 8vo. seived, is.

Part III. Property Law. Svo. sewed, zs. 6d.

VII. PHYSICAL SCIENCE.

A Handbook of Descriptive Astronomy. By G. F.

Chambers, F.R.A.S., Barrister-at-Law. Third Edition. Demy 8vo.

cloth, 28s.

Chemistry for Students. By A. W. Williamson, Phil. Doc.,
F.R.S., Professor of Chemistry, University College, London. A new

Edition, with Solutions. Extra fcap. 8vo. cloth, 8s. 6d.

A Treatise on Heat, with numerous Woodcuts and Diagrams.
By Balfour Stewart, LL.D., F.R.S., Professor of Natural Philosophy in

Owens College, Manchester. Third Edition. Extra fcap. 8vo. cloth,

7s. 6d.

Forms of Animal Life. By G. Rolleston, M.D., F.R.S.,
Linacre Professor of Physiology, Oxford. Illustrated by Descriptions
and Drawings of Dissections. Demy 8vo. cloth, l6s.

Exercises in Practical Chemistry (Laboratory Practice).
By A. G. Vernon Harcourt, M.A., F.R.S., Senior Student of Christ

Church, and Lee's Reader in Chemistry; and H. G. Madan, M.A., Fellow

of Queen's College, Oxford.

Series I. Qualitative Exercises. Second Edition. Crown 8vo. cloth,

7s. 6d.

Series II. Quantitative Exercises.

Geology of Oxford and the Valley of the Thames. By John
Phillips, M.A., F.R.S., Professor of Geology, Oxford. 8vo. cloth, 2ls.

Text-Book of Botany, Morphological and Physiological. By
Dr. Julius Sachs, Professor of Botany in the University of Wiirzburg.
Translated by A. W. Bennett, M.A., Lecturer on Botany, St. Thomas'

Hospital, assisted by W. T. Thiselton Dyer, M.A., Christ Church.

Royal 8vo. half morocco, $ls.6d.

Crystallography. By M. H. N. Story-Maskelyne, M.A., Pro-
fessor of Mineralogy, Oxford ; and Deputy Keeper in the Department of

Minerals, British Museum. In the Press.
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VIII. ENGLISH LANGUAGE AND LITERATURE.

A First Reading Book. By Marie Eichens of Berlin; and
edited by Anne J. Clough. Extra fcap. 8vo. stiff covers, ^d.

Oxford Reading Book, Part I. For Little Children. Extra
fcap. 8vo. stiff covers, 6d.

Oxford Reading Book, Part II. For Junior Classes. Extra
fcap. Svo.

stiff-' covers, 6d.

On the Principles of Grammar. By E. Thring, M.A., Head
Master of Uppingham School. Extra fcap. Svo. cloth, 45. 6d.

Grammatical Analysis, designed to serve as an Exercise and
Composition Book in the English Language. By E. Thring, M.A.,
Head Master of Uppingham School. Extra fcap. Svo. cloth, 35. 6d.

An English Grammar and Reading Book, for Lower Forms
in Classical Schools. By O. W. Tancock, M.A., Assistant Master in

Sherborne School. Second Edition, Extra fcap. Svo. cloth, 35. 6d.

The Philology of the English Tongue. By J. Earle, M.A.,
formerly Fellow of Oriel College, and sometime Professor of Anglo-Saxon,
Oxford. Second Edition. Extra fcap. Svo. cloth, 75. 6d.

A Book for the Beginner in Anglo-Saxon, comprising a short
Grammar and some Selections from the Gospels. By John Earle, M.A.,
Professor of Anglo-Saxon in the University of Oxford. Extra fcap.
Svo. cloth, 2s. 6d.

An Anglo-Saxon Reader. In Prose and Verse. With
Grammatical Introduction, Notes, and Glossary. By Henry Sweet,
M.A. Extra fcap. Svo. cloth, 8s. 6d.

Chaucer. The Prioresses Tale
;

Sir Thopas ;
The Monkes

Tale ; The Clerkes Tale ;
The Squieres Tale, &c. Edited by

W. W. Skeat, M.A., Editor of Piers the Plowman, &c., &c. Extra

fcap. Svo. cloth, 45. 6d.

Chaucer. The Tale of the Man of Lawe
;
The Pardoneres

Tale ; The Second Nonnes Tale ; The Chanouns Yemannes Tale.

By the same Editor. Extra fcap. Svo. cloth, 45. 6d. Just Published.

Specimens of Early English. A New and Revised Edition.
With Introduction, Notes, and Glossarial Index. By R. Morris, LL.D.,
and W. W. Skeat, M.A.

Part I. In the Press.

Part II. From Robert of Gloucester to Gower (A.D. 1298 to A.D. 1393).
Second Edition. Extra fcap. Svo. cloth, 7$. 6d.

Specimens of English Literature, from the '

Ploughmans
Crede' to the 'Shepheardes Calender' (A.D. 1394 to A.D. 1579). With

Introduction, Notes, and Glossarial Index. By W. W. Skeat, M.A.
Extra fcap. Svo. cloth, 75. 6d.
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The Vision of William concerning Piers the Plowman,
by William Langland. Edited, with Notes, by W. W. Skeat, M.A.
Second Edition. Extra fcap. 8vo. cloth, 45. 6d.

Shakespeare. Hamlet. Edited by W. G. Clark, M.A., and
W. Aldis Wright, M.A. Extra fcap. 8vo. stiff covers, 2s.

Shakespeare. The Tempest. By W. Aldis Wright, M.A.
Extra fcap. 8vo. stiff" covers, is. 6d.

Shakespeare. King Lear. By the same Editor. Extra fcap.
8vo. stiff' covers, is. 6d.

Shakespeare. As You Like It. By the same Editor. Extra

fcap. 8vo. stiff covers, is. 6d. (For other Plays, see p. 31.)

Shakespeare. Midsummer Night's Dream. By the same Editor.

In the Press.

Milton. The Areopagitica. With Introduction and Notes.

By J. W. Hales, M.A., late Fellow of Christ's College, Cambridge.
Extra fcap. 8vo. cloth, 35.

Addison. Selections from Papers in the Spectator. With
Notes. By T. Arnold, M.A., University College. Extra fcap. 8vo.

cloth, 45. 6d.

Typical Selections from the best English Writers with Intro-

ductory Notices. Second Edition. In Two Volumes. Extra fcap. 8vo.

cloth, 75. Sold separately, price 35. 6d. each.

Vol. I. Latimer to Berkeley. Vol. II. Pope to Macaulay.

See also XIII. below for other English Classics.

IX. FRENCH LANGUAGE AND LITERATURE.

An Etymological Dictionary of the French Language, with
a Preface on the Principles of French Etymology. By A. Brachet.

Translated into English bv G. W. Kitchin, M.A., formerly Censor of

Christ Church. Crown 8vo. cloth, los. 6d.

Brachet's Historical Grammar of the French Language.
Translated into English by G. W. Kitchin, M.A. Third Edition.

Extra fcap. 8vo. cloth, 35. 6d

Corneille's Cinna, and Moliere's Les Femmes Savantes. Edited,
with Introduction and Notes, by Gustave Masson. Extra fcap. 8vo.

cloth, 2s. 6d.

Racine's Andromaque, and Corneille's Le Menteur. With
Louis Racine's Life of his Father. By the same Editor. Extra fcap.

8vo. cloth, 2s. 6d.

Moliere's Les Fourberies de Scapin, and Racine's Athalie.

With Voltaire's Life of Moliere. By the same Editor. Extra fcap, 8vo.

clotb, 2s. 6d.
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Selections from the Correspondence of Madame de S6vign6
and her chief Contemporaries. Intended more especially for Girls'

Schools. By the same Editor. Extra fcap. 8vo. clotb, 35.

Voyage autour de ma Chambre, by Xavier de Maistre ; Ourika,
by Madame de Duras ; La Dot de Suzette, by Fievee ; Les Jumeaux
de 1'Hotel Corneille, by Edmond About ; Mesaventures d'un Ecolier,

by Rodolphe Topffer. By the same Editor. Extra fcap. 8vo. cloth,

as. 6d.

Regnard's Le Joueur, and Brueys and Palaprat's Le
Grondeur. By the same Editor. Extra fcap. 8vo. cloth, 2s. 6d.

Louis XIV and his Contemporaries ; as described in Extracts
from the best Memoirs of the Seventeenth Century. With English
Notes, Genealogical Tables, &c. By the same Editor. Extra fcap.
8vo. clotb, 2s. 6d.

X. GERMAN LANGUAGE AND LITERATURE.
New' German Method. In Four Volumes. By Hermann Lange ?

Teacher of Modern Languages, Manchester.

Vol. I. The Germans at Home. 8vo. cloth, 2s. 6d.

Vol. II. A Grammar of the German Language. 8vo,

cloth, 35. 6d.

Vol. III. The German Manual. In the Press.

Vol. IV. German Composition. In Preparation.

Lessing's Laocoon. With Introduction, English Notes, etc.

By Dr. Albert Haman, Teacher of German at the Taylor Institution,

Oxford. In Preparation.

Also, Edited by C. A. BUCHHEIM, Phil. Doc., Professor in King's
College, London.

Goethe's Egmont. With a Life of Goethe, &c. Extra fcap.
8vo. cloth, 35.

Schiller's Wilhelm Tell. With a Life of Schiller
;
an historical

and critical Introduction, Arguments, and a complete Commentary.
Second Edition. Extra fcap. 8vo. cloth, 35. 6d.

Lessing's Minna von Barnhelm. A Comedy. With a Life of

Lessing, Critical Analysis, Complete Commentary, &c. Second Edition.

Extra fcap. 8vo. clotb, 35. 6d.

In Preparation.

Goethe's Iphigenie auf Tauris. A Drama. With a Critical

Introduction, Arguments to the Acts, and a complete Commentary.

Selections from the Poems of Schiller and Goethe.

Becker's (K. F.) Friedrich der Grosse.

Egmont's Leben und Tod, and Belagerung von Antwerpen
by Schiller.
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XI. ABT, &c.

A Handbook of Pictorial Art. By R. St. J. Tyrwhitt, M.A.
formerly Student and Tutor of Christ Church, Oxford. With coloured

Illustrations, Photographs, and a chapter on Perspective by A. Mac-
donald. Second Edition. Svo. half morocco, iSs.

A Music Primer for Schools. By J. Troutbeck, M.A., Music
Master in Westminster School, and R. F. Dale, M.A., B. Mus., Assistant

Master in Westminster School. Crown Svo. cloth, is. 6d.

A Treatise on Harmony. By Sir F. A. Gore Ouseley, Bart.,
Professor of Music in the University of Oxford. Second Edition. 4to.

cloth, I os.

A Treatise on Counterpoint, Canon, and Fugue, based upon
that of Cherubini. By the same Author. 4to. cloth, 1 6s.

A Treatise on Musical Form and General Composition.
By the same Author. 4to. cloth, IDS.

The Cultivation of the Speaking Voice. By John Hullah.
Second Edition. Extra fcap. Svo. cloth, 2s. 6d.

XII. MISCELLANEOUS.

Dante. Selections from the Inferno. With Introduction and
Notes. By H. B. Cotterill, B.A. Extra fcap. Svo. cloth, 45. 6d.

Tasso. La Gerusalemme Liberata. Cantos i, ii. With
Introduction and Notes. By the same Editor. Extra fcap. Svo.

cloth, as. 6d.

A Treatise on the use of the Tenses in Hebrew. By S. R.
Driver, M.A., Fellow of New College. Extra fcap. Svo. cloth, 6s. 6d.

Outlines of Textual Criticism applied to the New Testament.

By C. E. Hammond, M.A., Fellow and Tutor of Exeter College, Oxford.

Second Edition. Extra fcap. Svo. cloth, 35. 6d.

Antient Liturgies. With Introduction, Notes, &c. By C. E.

Hammond, M.A. In Preparation.

The Modern Greek Language in its relation to Ancient Greek.

By E. M. Geldart, B.A. Extra fcap. Svo. cloth, 45. 6d.

A System of Physical Education : Theoretical and Practical.

By Archibald Maclaren. Extra fcap. Svo. cloth, 7. 6rf.
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XIII. A SERIES OF ENGLISH CLASSICS,

Designed to meet the wants of Students in English Literature,

under the superintendence of the Rev. J. S. BREWER, M.A., of

Queen's College, Oxford, and Professor of English Literature at

King's College, London.

It is also especially hoped that this Series may prove useful to

Ladies' Schools and Middle Class Schools ; in which English Litera-

ture must always be a leading subject of instruction.

A General Introduction to the Series. By Professor Brewer,
M.A.

1. Chaucer. The Prologue to the Canterbury Tales; The
Knightes Tale ;

The Nonne Prestes Tale. Edited by R. Morris,
Editor of Specimens of Early English, &c., &c. Sixth Edition. Extra

fcap. 8vo. cloth, 2s.6d. (See also p. 27.)

2. Spenser's Faery Queene. Books I and II. Designed chiefly
for the use of Schools. With Introduction, Notes, and Glossary. By
G. W. Kitchin, M.A., formerly Censor of Christ Church.

Book I. Eighth Edition. Extra fcap. 8vo. cloth, 2s. 6d.

Book II. Third Edition. Extra fcap. Svo. cloth, 2s. 6d.

3. Hooker. Ecclesiastical Polity, Book I. Edited by R. W.
Church, M.A., Dean of St. Paul's ; formerly Fellow of Oriel College,
Oxford. Second Edition. Extra fcap. Svo. cloth, 2s.

4. Shakespeare. Select Plays. Edited by W. G. Clark, M.A.,
Fellow of Trinity College, Cambridge ;

and W. Aldis Wright, M.A.,

Trinity College, Cambridge. Extra fcap. Svo.
stiff" covers.

I. The Merchant of Venice, is.

II. Richard the Second, is. 6d.

III. Macbeth, is. 6d. (For other Plays, see p. 28.)

5. Bacon.
I. Advancement of Learning. Edited by W. Aldis Wright, M.A.

Second Edition. Extra fcap. Svo, cloth, 45. 6d.

II. The Essays. With Introduction and Notes. By J. R. Thursfield,

M.A., Fellow and Tutor of Jesus College, Oxford.

6. Milton. Poems. Edited by R. C. Browne, M.A., and
Associate of King's College, London. 2 vols. Fourth Edition. Extra

fcap. Svo. cloth, 6s. 6d.

Sold separately, Vol. I. 45.; Vol. II. 35.



32 Clarendon Press, Oxford.

7. Dryden. Select Poems. Stanzas on the Death of Oliver
Cromwell ; Astraea Redux ; Annus Mirabilis

; Absalom and Achitophel ;

Religio Laici ; The Hind and the Panther. Edited by W. D. Christie,

M.A., Trinity College, Cambridge. Second Edition. Ext. fcap. 8vo.

cloth, 35. 6d.

8. Bunyan. The Pilgrim's Progress ;
Grace Abounding. Edited

by E. Venables, M.A., Canon of Lincoln. In the Press.

9. Pope. With Introduction and Notes. By Mark Pattison,
B.D., Rector of Lincoln College, Oxford.

I. Essay on Man. Fifth Edition. Extra fcap. Svo.
stiff" covers,

is. 6d.

II. Satires and Epistles. Second Edition. Extra fcap. Svo.
stiff"

covers, 2s.

10. Johnson. Rasselas
;

Lives of Pope and Dryden. By
T. Arnold, M.A., University College.

11. Burke. Select Works. Edited, with Introduction and Notes,
by E. J. Payne, M.A., of Lincoln's Inn, Barrister-at-Law, and Fellow of

University College, Oxford.

I. Thoughts on the Present Discontents ; the two Speeches on
America. Second Edition. Extra fcap. Svo. cloth, 45. 6d.

II. Reflections on the French Revolution. Extra fcap. Svo. cloth, 55.

12. Cowper. Edited, with Life, Introductions, and Notes, by
H. T. Griffith, B.A., formerly Scholar of Pembroke College, Oxford.

I. The Didactic Poems of 1782, with Selections from the Minor
Pieces, A.D. 1779-1783. Extra fcap. Svo. cloth, 35.

II. The Task, with Tirocinium, and Selections from the Minor Poems,
A.D. 1784-1799. Extra fcap. Svo. clotb, 35.

Published for the University by
MACMILLAN AND CO., LONDON.

Also to be had at the

CLARENDON PRESS DEPOSITORY, OXFORD.

The DELEGATES OF THE PRESS invite suggestions and

advice from all persons interested in education ; and will be

thankfulfor hints, &c. addressed to the SECRETARY TO THE

DELEGATES, Clarendon Press, Oxford.
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