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THE SPECIFIC HEAT OF SOLIDS AND THE PRINCIPLE OF
SIMILITUDE.

By RicHARD CHACE TOLMAN.

HE writer has already presented! a number of derivations in widely
different fields of physical science, all of which are based on a
single postulate which may be called the principle of similitude. In the
present article we shall make use of this same principle in deriving a
formula for the specific heat of homogeneous, isotropic, elastic substances.
We shall find that the formula thus obtained for specific heat agrees
with that of Debye? for the specific heat of solids and liquids at low
temperatures. In our proof, however, it will #of be necessary to make
use of any of the various forms of quantum theory. In particular, the
derivation of Debye rests on the special assumption borrowed from the

quantum theory of Planck that

h
E, = —_,,,,—V—~du

T — 1
is the energy in an elastic sphere at temperature T associated with modes
of vibration whose frequencies lie between » and » + dv. In our deri-
vation, however, we shall make no assumptions as to the form of the relation
connecting energy with temperature and frequency of vibration.

This possibility of deriving a satisfactory formula for the specific
heat of solids and liquids without the special assumptions of the quantum
theory is of particular interest at the present time, since in spite of brilliant
justification from the experimental standpoint, the theoretical foundation
of the quantum theory must still be regarded as a field where further
research is necessary.

It is also interesting to point out that the derivation of the Debye
formula which we shall present will necessitate no new investigations
in the field of elasticity theory, but will merely make use of the well-
known expressions for the velocity of wave motions in elastic solids.

Part I. THE PRINCIPLE OF SIMILITUDE.
The principle of similitude may be stated as follows:—Tke fundamental
entities of which the physical universe is constructed are of such a nature

1 Tolman, PHYS. REV., 3, 244 (1914).
2 Debye, Ann. d. Physik, 30, 789 (1912).
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that from them a miniature universe could be constructed exactly similar in
every respect to the present universe. For a discussion of this new postulate
we must refer the reader to the article already mentioned, and shall here
confine ourselves merely to a recapitulation of those deductions from
the principle which are necessary for our immediate purpose.

Let us consider two observers, O and O’, provided with instruments
for making physical measurements. O is provided with ordinary meter
sticks, clocks and other measuring apparatus of the kind and size which
we now possess, so that he can duplicate all our measurements in the
present physical universe. O’, on the other hand, is provided with a
shorter meter stick, and correspondingly altered clocks and other appar-
atus so that he can make measurements in the miniature universe of which
we have spoken and in accordance with our postulate obtain exactly
the same numerical results in all his experiments as does O in the analogous
measurements made in the real universe.

If now O and O, instead of each remaining in his own universe, should
both make measurements of the same physical objects and occurrences,
it is evident that they would not obtain the same results, since their
units of measurement are different. Let us suppose that O and O’ both
measure the same length, then if O’s meter stick is x times as long as that
of 0, it is evident that their measurements of the given length would be
connected by the equation I/ = «l.

In the article already referred to it was found possible to obtain a
whole series of transformation equations of the type I’ = xI, connecting
the measurements made by O and O’ of given lengths, time, intervals,
masses, forces, charges, etc. These relations were derived by combining
with the postulate of similitude, certain principles taken from the Einstein
theory of the relativity of motion and from the electron theory. We
shall now present for future reference a table of such transformation

equations.
TABLE OF TRANSFORMATION EQUATIONS.

Forlength. ... ... ... ... ... . . i, UV =xl (1)
Forarea. . ... ... S’ = x2S (2)
Forvolume......... ... ... i, V' = x3V 3)
For an interval of time. . ........... ... ... .. .. ..... i = xt 4)
For freqUencCy. . . ..ottt e v =z (5)
For veloCity. .. ... oo o =19 (6)
Foracceleration. ... .........c.covuniinninnninenn.n o =alx 7
For quantity of electricity.......................... e =¢ (8)
FOr MaSS. . oottt e e m = mlx 9)
For density. . ....oouuu e L..p! = plxt (10)
Forforce. ... ... = flx? (11)
For pressure. . .........ouitiiiiiiin i P’ = P[xt (12)

B Or BT Y . o ot ittt et e e E' = E[x (13)
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Forenergy density. ......c.ooviiininnininenienannnn. w = ufxt (14)
For absolute temperature. . . ..............voveu... T =T/x (15)
For the coefficient of compressibility. ................ x = xix (16)t
For Poisson’'s Ratio. ... .........ccuiiiirinieanon.. o =0 e

1 Of these transformation equations the only ones not already derived in the article referred
to are those for the coefficient of compressibility and for Poisson’s ratio. The coefficient of
compressibility may be defined by the equation

while Poisson’s ratio, o, is that between the longitudinal and transverse strain of an elastic
substance. The derivation of the transformation equations for these two quantities is ob-
viously merely a matter of substituting equations already given above.

Part II. APPLICATION OF THE PRINCIPLE OF SIMILITUDE TO DETERMINE
THE FORM OF THE FUNCTION.

The general method of applying the principle of similitude to determine
the form of functional relations connecting physical magnitudes is to
consider some construct which could exist either in the actual universe
or in the miniature universe which to observer O’ appears the same as
the actual universe. It is evident from the principle of similitude that
the properties of a construct which has the same general character in
both universes will have to obey the same general laws, whether measured
by observer O or by observer O’, while a further condition will be imposed
upon the magnitude of these measurable properties by the transforma-
tion equations which we have just developed. These two sets of con-
ditions will permit the attainment of definite information as to the
necessary form of the functional relation connecting the measurements of
different properties of the construct.

In the article already mentioned this method was used for deriving the
law of Charles for an ideal gas, for showing that the specific heat of such
an ideal gas would be independent of the temperature, for deriving Stefan’s
law for the energy density of a hohlraum, for obtaining a relation between
energy density and frequency in a hohlraum, and for deriving various
relations in the fields of electromagnetic and gravitational theory. We
may now apply the method to obtain information as to the form of the
functional relation connecting the energy density of an elastic substance
with its temperature and elastic constants.

In the first place it is evident that a given homogeneous, isotropic,
elastic substance is a construct which would appear to be homogeneous,
isotropic and elastic both to observer O and to observer 0, and hence by
the principle of similitude experiments made on it by either observer
would have to lead to the same general laws. It is also evident that the
energy density u, of such a substance will be completely determined by
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its temperature 7 and the three constants—density p, compressibility
x, and Poisson’s ratio ¢—which completely determine its elastic
properties.! Suppose now the measurements of O have led to the follow-
ing relation, between the energy density and the elastic properties and
temperature of the substance,

u = F(p, x, 0, T) (18)
then by the principle of similitude the measurements of O’ will have to
lead to a similar relation,

w = F(', x', o', T") (19)
where F must have the same form as in the previous equation.

We have, however, already found transformation equations, Nos. (14),
(15), (10), (16), and (17), connecting the measurements of energy density,
temperature and elastic constants made by O’ with those made by O.
Substituting in equation (19) we have

“_pf(f o o L )
x4 - F(x4) XX, ny
or solving for # and combining with (18) we obtain,

T

u =x4F(£,x4x, 0',;) = F(p, x, 0, T) (20)
Since the total energy of an elastic body will be proportional to its
volume we may write,

T
E=ver (L, xx 0, ) = V(o x, 0, T) (21)

Since ¥ may be any number we have thus obtained from the principle
of similitude an equation which imposes very definite conditions on the
form of the functional relation connecting the energy content of an
elastic body with its temperature and elastic properties.

By considering some familiar results of the theory of elasticity we may
complete the solution of our problem.

Part III. ApprLiCATION OF ELAsTIiCITY THEORY.

In the previous section we have derived from the principle of similitude
a functional equation, No. 21, which presents certain necessary relations
between the energy content of an elastic body and its volume, elastic
constants, and temperature. Let us now see what conclusions we can
draw from the theory of elasticity as to the energy content of an elastic
body.

1 We shall assume a substance in which the elastic properties are independent of the
temperature.
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Let us consider an elastic body of some definite shape and size, fixed
at its outer surface. At a given temperature such a body will contain
a certain amount of energy and we may think of this energy as due to the
presence of systems of standing waves which undergo continual reflection
at the fixed boundary. These waves may either transverse or longitu-
dinal. In the former case the theory of elasticity has shown that their
velocity will be v/ Wp and in the latter case v/ (\ 4+ 2;»)_/;, where p is the
density of the material and u and \ its elastic constants. These constants
are connected with the measurable quantities compressibility, x, and
Poisson’s ratio, ¢, by the equations

_ 13(1 —20)
b= 2+ o) (22)
and
I 30
A= e (23)

If now we should change the dimensions of the body or its elastic
properties, it is evident that we should also change the frequency of the
standing waves which it contains at thermal equilibrium.

If we consider changes in the wolume of the body without alteration
of shape, it is evident that the linear dimensions of the body will always
be proportional to the cube root of the volume, V¥ Hence the wave
lengths of the different standing waves which the body contains will be
proportional to the cube root of the volume or their frequencies to its
reciprocal.

On the other hand, if we change the elastic properties of the body we
should also change the frequencies of the different standing waves since
we change the velocity of propagation. For transverse waves the fre-
quencies will be proportional to the velocity of transverse waves, v/ ;7_/3—,
and similarly for longitudinal waves the frequencies will be proportional
to V(N + 2u)/p.

Hence we may write for the frequencies of the different standing waves
which a body of given shape will contain

a1 12 M a
=i e v =T S v = Al Cs €tC,
Vl/‘i P V/ P Vl/ P

a’ N+ 2 ay [N+ 2 as’ N+ 2
v = Vx/sJ_p—y vy = VAN T, v = i —, ete, (24)

where »1, vs, 3, etc., are the frequencies of the various transverse, and
v, vd, v4/, etc., are the frequencies of the various longitudinal standing
waves. ai, @z, a3, etc., and a./, ay’, a3, etc., are constants which depend
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on the shape of the body but are independent of its volume or elastic
properties.

Now let us assume that at thermal equilibrium the average energy
associated with each loop of a standing wave is determined merely by
its frequency and the temperature. Then in the case of our elastic body
we may write for the energy associated with a standing wave of frequency
14

’ E, = nF'(s T)
where # is the number of loops in the standing wave under consideration,
and F’ is the unknown functional relation connecting energy with
frequency and temperature.

For the total energy of the body we may write

E = 3E, = ZnF'(», T)

where the summation 2 is to include all the different waves in the body.
We have already seen, however (equation 24), that the frequencies
of the different waves are determined by equations either of the form

or

where ¢ and @’ are constants depending on the shape of the body. Hence
we may write for the total energy of the body

E=3E, = 3aF'(T) = = (| Vl,sJ—], T)

o ([T 1), o9

where the summation X includes all the transverse waves and 2’ includes
all the longitudinal waves. In this equation #, #/, ¢ and ¢’ are constants
independent of the volume or elastic properties of the body.

Let us now transform this equation by substituting for p and X\ their
values in terms of compressibility and Poisson’s ratio as given in equations
(22) and (23). We shall obtain

E=3E,=3nF'(, T)=an'( T/‘l%(p—;*’iz(—(%gg)m], T)

We thus have obtained from the theory of elasticity a functional relation-
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between the energy of an elastic body, and its volume, density, elastic
constants x and o, and its temperature.

We have already obtained, however, from the principle of similitude
another functional relation, equation 21, between these same quantities.
This equation was

P T
E = Vx‘*F(;c;, xty, o, ;) =VF(p, x, 0, T).
By comparing these two expressions we see since the x’s must cancel
and since volume must enter to the first power, that F/([], T), which

occurs in equation (26) must be of the form,!

“3 = ?a (27)
where k is some constant.
The total energy of the body will then be given by the equation
2(1 + o) /2 (I + o) 3/2
E = AVt { B (3—@“_—2;5) + (ga =) } @)
or differentiacing with respect to 7" we obtain for the heat capacity of any
elastic isotropic body,

C =44 Vp3/2X3/2 { B (

3/2 3/2
2(1 j‘ﬂ@») (ﬁ(i_—l;i)) })T3. (29)
3(1 — 20) 3(1 — o)
A and B are numerical constants which are the same for all materials
and their values may be determined once for all by measurements on
two substances.

We have thus derived from the principle of similitude and the theory
of elasticity not only the important fact that the heat capacity of an
elastic substance is proportional to the third power of the temperature but
also the complete form of the equation connecting heat capacity with
temperature and elastic properties.

Part IV. CoMPARISON WITH THE EQUATION OF DEBVE.
It can be shown that the above equation agrees with the form taken
at low temperatures by Debye’s equation for the specific heat of mona-
tomic elastic substances. Debye’s equation No. 13? reads

ClCo = 77.938(T°/6°).
Substituting for 6 the value given by Debye’s equations (7), (3!) and
(2), and for C, the value 3Nk, we may rewrite his formula in the form
B4 2(1 + o) )3/2 ( (1 +0) )3/2}
—_ — 3 2,,3/2 Jhn Sl A A S g/,
¢ =z venes 2 () T (E) T

which agrees in form completely with our equation No. 29.

1Since p and x occur to the same power, T has to enter to the fourth power in order
that the x’s cancel.

2 Loc. cit.
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The undetermined factor B which occurs in our equation is seen to
have the numerical value 2 in Debye’s formula. From our derivation it
is evident that B is the ratio of the total energy associated with transverse
waves to that associated with longitudinal waves. Our considerations
however, were not sufficient for a theoretical determination of the
magnitude of this ratio.

The factor 326(k*/h?®) in Debye’s formula corresponds with our unde-
termined numerical factor 44. k& and % in this factor have the usual
significance; & is the so-called gas constant for a single molecule, and %
is Planck’s Wirkungsquantum.

Debye's calculations have led to a definite numerical value of 4 since
he has made the definite assumption that the energy associated with a
mode of vibration of frequency » is

hv

v

€ — I

>

b3
N

We, on the other hand, have merely assumed that the energy associated
with each loop of a stationary wave is some function of frequency and
temperature, and then determined, except for a constant numerical
factor, what this function must be (see equation 27).

With regard to the temperature range over which we can expect our
formula for specific heat to hold, we can merely say that at low tempera-
tures where the amplitudes of wave motions are small we may expect
actual substances to behave like homogeneous media, and hence to obey
this formula.! For comparison with experimental data we may refer to
the article of Debye? or to an article by Nernst and Lindemann.? We
may call attention to the fact that from our derivation we shall expect the
same formula to apply to all substances and not merely to monatomic
substances as Debye’s derivation suggested. As a matter of fact this
appears to be true in the case of the measurements of Nernst and Linde-
mann* on potassium and sodium chlorides.

At moderately high temperatures, where there will be a freer motion
of the individual atoms, we shall no longer expect that solid bodies will
behave like homogeneous media, and hence shall expect increasing devi-
ations from the formula which we have dervied. According to Debye,

! The possibility that actual substances behave like continua at very low temperatures
was first suggested to the writer by Professor G. N. Lewis. This idea also forms the basis of
the considerations of Debye and of Born and Karman, Phys. Zeitschrift, 13, p. 297 (1912).
In the case of anisotropic substances we might provisionally take an average value of o.

2 Loc. cit.

3 Sitzungsber. Preuss. Akad., p. 1160 (1912).
4 Loc. cit.
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however, we may expect the specific heat to be proportional to the third
power of the temperature within one per cent. up to temperatures as
high as T = 6/12 where 6 varies for different substances from 72 to 467.!

At high temperatures we know that the specific heat of solid substances
will obey the law of Dulong and Petit (or of Kopp in the case of polya-
tomic substances). Hence we might devise as Debye has done a formula
which would give a smooth connection between the two known ends of
the specific heat curve. For the present, however, we cannot see any
satisfactory theoretical derivation for this intermediate part of the
curve.

UNIVERSITY OF CALIFORNIA,
BERKELEY, CaL., U. S. A.
May 12, 1914.

! Loc. cit., pp. 802 and 817.



