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You have honored me by requesting at my hands an account of

the advances made in physics during the pineteenth century, I have

endeavored, in so far as I hava been able, to meet the grave respon-
gibilities implied in yecur invitation; yet nad I but thought of the
overwhelmingly vast territory to be gurveyed, I well might have
hesitated to embark on so hazardous an undertaking. To mention
merely the names of men whose efforts are linked with splendid
accomplishments in the history of modern physics would far exceed
the time allotted to this address. To bear solely on certain subjects,
those, for instance, with which I am more familiar, would be to de-
velop an unsymmetrical pieture. As this is to be avoided, it will be
necesgary to present a straightforward compilation of all work above

a certain somewhat vague and arbitrary lower limit of importance.

Physics is, a3 a rule, making vigorous theugh partial progress along

independent parallel lines of investigetion, a diserimination between

which is not possible until some cataclysm in the history of thought
ushers in a new era. It will be essential to abstain from entering
into either explanation or criticism, and to assume that all present
are familiar with the details of the subjects to be treated. I can

peither popularize nor can I endeavor to entertain, except in 3o

far a8 a rapid review of the glorious congquests of the century may be

stimulating.

Tn spite of all this simplicity of aim, there is bound to be distortion.
In any brief account, the men working st the beginning of the cen-
tury, when investigations were fow and the principles evolved neces-
sarily fundamental, will be given greater coneideration than equelly
able and sbler investigations near the cloze, when workers (Jet us be
thankful) were many, and the subjects lengthening into detail.
Again, the higher order of genius will usually be additionally exalted
at the expense of the less gifted thinker. I can but regret that these
are the inevitable limitations of the cursory treatment prescribed,
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As time 3_~._w on, the greatest names more and more fully absorb the
activity of a whole epoch,

Metrology

Finally, it will hardly be possible to consider the great advances
made in physics except on the theoretical side. Of renowned experi-
mental researches, in particular of the investigations of the con-
stants of nature to a degree of ever-increasing acouracy, it is not prac-
ticable to give any adequate account. Indeed, the refinement and
precision now demanded have placed many subjects beyond the
reach of individual experimental resesrch, and have culminated in
the establishment of the great national or international laboratories
of investigation at Sévres (1872), at Berlin (1887, 1890}, at London
(1900), at Washington (1931). The introduction of uniform inter-
national units in cagesof the arts and sciences of more recent develop-
ment is gradually, but inexorably, urging the same advantages on
all. Finally, the sccess to adeguate instruments of research has
everywhere become an easier possibility for those duly qualified, and
the institutions and academies which are systematically undertaking
the distribution of the means of research are continually increasing
in strepgth and in number,

Claseification

In the present paper it will be advisable to follow the usual pro-
cedure in physics, taking in order the advances made in dynamies,
acoustics, heat, light, and electricity. The plan pursved will, there-
fore, specifically consider the progress in elastics, erystallography,
capillarity, solution, diffusion, dynamics, viscosity, hydrodynamics,
acousties; in thermometry, calerimetry, thermodynamies, kinetie
theory, thermal radiation; in geometric optics, dispersion, photo-
metry, fucrescence, photochemisiry, interference, diffiraction, polar-
ization, optical media; in electrostatics, Volta contacts, Seebeck
contacts, electrolysis, electric current, magnetism, electromagnetism,
electrodynamics, induction, electrie oscillation, electric field, radio-
aotivity,

Surely this is too extensive & ficld for any one man! Few who are
not physicists realize that esch of these divisions has a splendid and
- voluminous history of development, its own heroes, its sublime class-
ies, often eulled from the sctivity of several hundrad years. I repeat
that few understand the unmitigatedly fundamental character, the
scope, the vast and profound intellectual possessions, of pure physics;
few think of it as the one science into which all other sciences must
ultimately converge — or & saparate represen tation would have been
given to most of the great divisions which I have named.
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i rint with
nee even if the literary references may be given in p .
.o”ao fullness, it is impossible to refer verbally to more s:.m. »wm«ﬂﬂoo“
actors, and quite impossible to ao_ﬂoo»o %Epiwfw”.a m””_ %hmwu s
d the relations of what hes been done. MCreover,

“”umo inatances have to be omitted from the .Su&msm” It Jﬁmcohumﬂw
alm, however, to collect the greater vuwﬁm in the ME:..J .M % woBa_
and the suggestion is implied that science would gain & mwgu__u
august tribunal researches of commanding importance were

canonized for the benedt of posterity.

Elaglics

To begin with elasticity, whose %e.@_ov:._mjo has g.“n musmfnww
marked influence throughout the 2_5._0 of physics, we .uo >o e
theory i3 virtually & creation of the Esﬁmgz.u century. .ﬁ (R
Thomas Young, who in 1807 gave to the ucgoam the useiul o :ﬂ
tion of a modulus, and who seems to have %ms:m:« _..gom.m_noa:_mo
ghear, there were merely the experimental ooss.&g:om. ...,n S
(1638), Hooke (1660), Meriotte (1680), the o_.umza. n:ﬂa oom .m:.ou
noulli {(1705), the elementary treatment of ,..__v._.mzsm ars 5 x.:..
and Bernoulli (1742), and an attempted analysis of dexure

i r Coulomb (1776). N . "
m_o%vaamgvza:Bopp of a theory of elasticity on broad lines _MMN._H
almost at a bound with Navier ﬁ.mws., reasoning m_.o%, w _“M .
hypothesis to the equation of aoue.a &mv_s.aaaosa an c. e il M&
tential energy (1822-1827); yet this ugq»_:ﬁ.wa;nao i”..m R
to be soon discredited, in the light & the brilliant genera EM _m, s
Cauchy (1827). To him we owe the six component u:a.wm& »s&.a ?a
component atrains, the stress quadrie mnm n.rc atrain qua u ._.Eaa
reduction of the noBvonoEnM to zwoun %_._M.M_mw_a N“Hmuﬂwauwzo s
principal gtrains, the ellipsoids, and © Sm. f e tes Batt b
ceptions of the present ,.r:.. Cauchy reached b lpristinpoisd
the molecular hypothesis and by an E:._v..m_u of the q e

an interface, — methods which 13.938 fifteen constan
“_ap_.m.m._nw in the most general case, _.&zosm. to but one in p”M Mp_wo.
of isotropy. Contemporaneous with Cauchy’s resuits uaM wonmowwou
dependent researches by Lamé and Clapeyron (1828) and by
QWMM.W.Qon independent and ?ﬂawﬂoﬂ:ﬂaﬁmﬂwﬂw :,uﬂ MMPMMMM# Mp_.“
i uced by Green (1837), who too . )
“wwqﬂﬂoa:nmw_ w:ﬂ.ﬁ. of & conservative system in oo...sonsm“u M&% m.ww
Lagrangian principle of virtual miv.:moaas_u. .HEHM .BM _ om .:qu
has been fruitful in the hands of Kelvin ﬁmms. of Kirchhe! uzbunm
of Neumann (1883), leads to equations 2%& aaa.us..ouo oN
for the molotropic medium reducing to twon the sirmplest case.
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The wave-motion in an isotropic medium was first deduced by
Poisson in 1828, showing the cecurrence of longitudinal and trens-
verse waves of different velocities; the general problem of wave-
motion in wolotropie medis, though treated by Green (1842), was
attacked with requisite power by Blanchet (1840-1842) and by
Chrigtoffel (1877).

Poisson also treated the case of radial vibrations of s sphere (1828),
a problem which, without this restriction, awaited the solutions of
Jaerisch (1579) and of Lamb (1882). The theory of the free vibra-
tions of solids, however, is a generalization due to Clebsch (1857-58,
Vorlesungen, 1862).

Elasticity received a final phenomenal advance through the long-
continued labers of de St. Venant (1839-55), which in the course of
his editions of the work of Moigno, of Navier (1863), and of Clebsch
(1864), effectually overhauled the whole subject. He was the first to
segert adequately the fundamental importance of the ghear. The pro-
found resesrches of de St. Venant on the torsion of prisms and on the
fexure of prisms appeared in their complete form in 1855 and 1838,
In both cases the right sections of the stressed solids are shown to

be curved, and the curvature is succinctly specified; in the former
Coulomb’s inadequate torsion formula s superseded, and in the latter
flexural stress is reduced to a transverse force and a couple. But
these mers statements convey no impression of the magnitude of
the work.

Among other notable creations with a special bearing on the theory
of elasticity there is only time to mention the inventicn and applica-
tion of curvilinear codrdinates by Lamé (1852); the reciprocal the-
orem of Betti (1872), applied by Cerruti (1882) to solids with & plane
boundary — problems to which Lemé and Clapeyron (1828) and

Boussinesq (1879-85) contributed by other methods; the case of
the strained sphere studied by Lamé (1854) and others; Kirchhoff's
flexed plate (1850); Rayleigh's treatment of the oscillations of
systems of finite freedom (1873); the thermo-elastic equations of
Duhamel (1838), of F. Neumann (1841}, of Kelvin (1878); Kelvin's
analogy of the torsion of prisms with the supposed rotation of an
incompressible fiuid within (1878); his splendid investigations
(1863) of the dynamics of elastic spheroids and the geophysical
applications to which they were put.

Finally, the battle royal of the molecular school following Navier,
Poisson, Cavchy, and championed by de 8t. Venaat, with thedisciples
of Green, headed by Kelvin and Kirchhoff, — the struggle of the ff-
teen constents with the twenty-one constants, in other words, —
seems to have temporarily subsided with a victory for the latter
through the researches of Voigé (1857-89).
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Crystallography

retieal erystallography, ognowor.ma by Steno C.@m..uv. v...:.
?M_Mm.\ moca.woqw by Haly (1781, Traté, 1801), rwu.m__sw.amm .»ow
%e.o_omaesa during the century to systematic a_»ﬁa nmswon o
form. Thus the thirty-two type sets of momwm_ Cw.wov an ow .aﬂ.
(1850) have expanded into the more extensive point series inv M mmwm
230 types due to Jordan (1868), Sohneke (1876), mm.mﬂos. { 2 w.
and Schoenfiiess (1891). Physical thecries of erystalline form have

searcely been unfolded.
Capillarity

anillarity antedated the century in little more Epsxz..o provi-
&onc”w_v”:m“,w‘mw brilliant, treatment due o Clairaut Clw_v. .—.w.w
theory arosa in almost its present state of perfection in the wma :
BoB..u:. of Laplace (1805}, one of the most gmce:m eLamp! .m:w o
the Newton-Boscovichisn (1758) 8&3&2..3..:»53.: n%? :.Q
pressure was bere shown to vary with the w:semé_ radii of eury “_.
pure of the exposed surface, in an equation involving two aoswr.au» w.
one dependent on the lignid only, the o:...e. ;os_u_.w. mw@o.mmc M_. vo
bodies in contact. Integrations for special ooua:.”op.m Em_: e the
onges of tubes, plates, drops, contack angle, and 98.__2. _E._Ssnom.
Gauss (1829), digaatisfied with raﬁuom.m Bo?w? ,.._zzu_“v Mo?.o-
duced the whole theory from & new cg_uu BS.mEm molecu am e.m_.nom
in favor of Lagrangian displacements, sgm Poisson cmws_o : ne
Laplace’s equations by actually 88..:::35 szw Boumncguu &wuc.
thesis; but his demonstration had since been nﬁna.a_s i ohwﬂm
in 1805 explained capillary phenomena by vo_.«:_i_a.m@M .wopmz :
surface tension, & method which has since been populari y Max
, 1872). )
ﬁﬂ..%i?ao _vsomamnop« theosies propounded for m,.zm_unca wo
the very threshold of the century, one is E&.E«h to psea_mp«oum M
wealth of experimental and detailed theoreticsl resanre whic
has been devoted to capillarity, Among these the fascinating E.ono.
graph of Plateau (1873), in which 3.5 consequences of theory M~M
tested by the behavior both of liquid lamell® _S.a ww suspen: wo
massea, Savart’s (1833), and particularly Rayleigh's, Maosﬁn .3
with jets (1870-83), Kelvin's mvw_@o (1871), may be oit pw :_M
joal. Of peculiar importance, quite apart m.noE its anooz MB“?
bearing, is Kelvin’s deduction (1870) of or.o _us._.%?u ence of 8 *
face tension and vapor pressure when varying with the curvature o

a droplet.
111



34 PHYSICS
Diffusion

Diffusion was formally introduced into physics b Graham (1850).
m.J.aw (1855), appreciating the saelogy of mw_mcacu WE_ hezt ow_acw.
M.wﬂyv—_nn&ﬂ:o wwmawago: on o satisfactory theoretical busis, and

ick’s law has since been rigorously tes i i
Ly 4 y tested, in particular by H. F.

The dsvelopment of diffusion from s physical point of view fol-
lowed .Eomo«.u discovery (1877) of osmotic pressure, foon after
to be interpreted by van 't Hoff (1887) in terms of Boyle's and
Avogadro’s laws. A molecular theory of diffusion was thereupon
given by Nernst (1887).

Dynamics

: In pure dynamies the nineteenth century inherited from the
eighteenth that unrivaled feat of reasoning called by Lagrenge
the Mécanique anaiytique (1788), end the great master was presant
as far as 1813 to point out its resources and to watch over the legit-
imeey of its applications. Throughout the whole century each new
advence has but vindicated the preéminent power and safety of
its methods. It triumphed with Maxwell (1864), when he deduced
zs.aonsz& kinetics of the electromagnetic field, and with Gibbs
(1876-78), when he adapted i¢ to the equilibrium of chemical sys-
tems. It will triumph sgein in the electromagnetic dynamics of
the future.

z:.E.S_:. there were reactions against the tyranny of the method
of “linisons.” The most outspoken of these, propounded under the
vwoSomun of Laplace himself, was the celebrated M écanigue phy-
sique & Poizson (1828), an accentusation of Boscovich's (1758)
m...‘aaB_S. which permeates the work of Navier, Cauchy, de St.
Venant, .mosmmmuﬁp. even Fresnel, Ampére, and a host of others.
Csuchy in particular spent much time to reconcile the molecular
method with the Lagrangian sbstractions. But Poisson’s method,
though sustained by such splendid genius, has, nevertheless, cn
more then one occagion — in capillarity, in elasties — shown itself
to be untrugtworthy. It wes rudely shaken when, with the rise of
modern electricity, the influence of the wedivm was more and more
pushed to the front.

Another complete reconstruction of dynamies is due to Thomson
and A.m: (1867), in their endeavor to gain clearnese and uniformity
of mnémc. by referring the whole subject logically back to Newton.
This great work is the first to make systematic use of the doctrine
of the conservation of energy.

Finally, moa.u Cm.o.t, imbued with the general trend of con-
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gnd potential energy from dypamies sltogether — postulating a uni-
verse of concealed motions such as Helmholtz {1884) had treated
in his theory of cyclic systems, and Kelvin had conceived in his
adynamie gyrostatic ether (1890). In fact, the introduction of con-
cenled systems and of ordered molecular motions by Helmboltz and
Boltzmann has proved most potent in justifying the Lagrangian
dynamics in its application to the actual motions of neture,

The specific contributions of the first rank which dynemics owes
to the last century, engrossed as it was with the applications of the
subject, or with ite mathematical difficulties, sre not nUmerous.
In chronological order we recal] naturally the statics (1804) and
the rotational dynamics {1834) of Poinsot, all in their geometrical
character go surprisingly distinct from the contemporary dynamics
of Lagrange and Laplace. We further recall Gauss's principle of
least constraint (1828), but little used, though often in ita appli-
cations superior to the method of displacement; Hamilton's prin-
ciple of varying action {1834) end his characteristic function {1834,
1835), the former obtainable by an ensy transition from D'Alem-
bert's principle and by contrast with Gauss'a principle, of guch
exceptional utility in the development of modern physice; finally
the development of the Leibnitzian doctrine of work gnd vis vive
into the law of the conservation of energy, which more than any
other principle has consciougly pervaded the progress of the nine-
teenth century. Clausiug’s theorem of the Virial (1870) and Jacobi's
(1868) contributions should be added among others.

The potential, though contained explicitly in the writings of
Lagrange (1777), moy well be claimed by the last century. The
differential equation underlying the doctrine had already been
given by Leplace in 1782, but it was subsequently to be completed
by Poisson (1827). Gauss (1813, 1839) contributed his invaluable
theorems relative to the surface integrals and force flux, and Stokes
(1854) his equally important relation of the line and the surface
integral. Legendre (published 1755) and Laplace (1752) were the
first to apply spherical harmonics in EXpansions. The detailed devel-
opment of volime surface and line potential has enlisted many
of the ablest writers, among whom Chasles (1837, 1830, 1842),
Helmholtz (1853), C. Neumann (1877,1580) ,Lejeune-Dirichlet (1876),
Murphy (1833), and others are prominent.

The gradusl growth of the dootrine of the potential would have
been sccelerated, had not science to its own logs overlooked the
famous essay of Green (1828), in which many of the important
theorems were enticipated, end of which Green’s theorem and
Green's function are to-day familiar reminders.

Recent dynramists incline to the uses of the methods of modern
geometry snd to the vector caloulus with coptinually increasing
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favor. Noteworthy progress was first made in this direction by
Moebius (1837-43, Stetik, 1838), but the power of these methods
to be fully appreciated required the invention of the Ausdehnungs-
E.Rw by Grazsmann (1844}, and of qualernions, by Hamilton (1853).

Finally the profound investigations of Sr Robert Ball (1871,
& seq., Trealise) on the theory of screws with its immediate dynamical
applications, though as yet but little enltivated except by the author,
must be reckoned among the promising heritages of the twentieth
centbury.

On the experimental side it is possible to refer only to researches
of & uMaEum_V. origingl character, like Foucault’s pendulum (1851)
and Tizeav's gyrostat; or like Boys’s (1887, ef geq.) remarkable
quarts-fibre torsion-balance, by which the Newtonian constant
o*. gravitation and the mean density of the earth originally deter-
mined vw. Maskelyne (1775-78) and by Cavendish {1708) were evalu-
ated with s precision probably superior to that of the other recent
meesurements, the pendulum work of Airy (1856) and Wilsing
:.mmm-md_ or the balance methods of Jolly (1881), Kénig, and
Richarz (1884). Extensive transcortinental gravitational surveys
like that of Mendenhall (1595) have but begun.

Hydrodynamics

..25 theory of the equilibrium of liquids was well understood
prier to the century, even in the case of roteting fvids, thanks to
the labors of Maclaurin {1742), Clairaut (1743), and Lagrange (1788).
.E.S generalizations of Jacobi (1834) contributed the triaxial ellip-
soid of revolution, and the case has been extended to two rotating
attracting masses by Poincaré (1883) and Darwin (1887). The
astonishing revelations contained in the recent work of Poincaré
are particularly noteworthy.

Unlike elastics, theoretical hydrodynamics pessed into the nine-
teenth century in a relatively well-developed state. Both types of
the Eulerian equations of motion (1755, 1759) had left the hends
of Lagrange (1788) in their present form. In relatively recent times
H. Weber (1868) transformed them in & way combining certain
advantages of both, and enother transformation wes undertaken
w.v. Clebsch (1850), Hankel (1801) modified the equation of con-
tinuity, and Svanberg and Edlund {1847) the surface conditions.
¥ Helmheltz in his epoch-making paper of 1853 divided the subject
into thoss classes of motion (flow in tubes, streaws, jets, waves)
non..szar a velocity potential exists and the vortex motions for
a.vaw it does not exist., This classification was carried even into
higher orders .om motion by Craig and by Rowland (1881). For cases
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the century in the treatment of waves, of discontinuous Auid motion,
end in the dynamics of golids suspended in frictionless liquids.
Kelland (1844), Scott Russel (1844), and Green (1837) dealt with
the motion of progressive waves in relatively shallow vessels, Ger-
ster (1504) and Rankine (1863) with progressive waves in deep water,
while Stokes (1846, 1847, 1880), after digesting the contemporaneous
advances in hydrodynemics, brought his powerful mind to bear
on most of the cutstanding dificulties. Kelvin introduced the case
of ripples (1871), afterwards treated by Rayleigh (1883). The soli-
tary wave of Russel occupied Boussinesq (1872, 1882), Rayleigh
(1876), and others; group-waves were treated by Reynolds (1877)
and Rayleigh (187€). Finally the theory of gtationary Wwaves re-
ceived extended sttention in the writings of de St. Venant (1871),
Kirchhoff (1879), and Greenkill (1887). Early experimental guid-
ence wes given by the classic researches of C. H. and W. Weber
(1823).

The occurrence of discontinuous variation of velocity within the
liquid wes first fully appreciated by Helmholtz (1868), later by
Kirchhoff {1869), Rayleigh (1876), Voigt (1885), and others. It lends
itself well to conformal representations.

The motions of solids within & liquid have fascinated meny inves-
tigators, and it 3¢ chiefly in connection with this subject that the
method of sources and sinks was developed by English mathema-
ticians, following Kelvin's method (1856) for the flow of heat. The
problem of the gphere was solved more or less completely by Paolsson
(1832), Stokes (1843), Dirichlet (1852); the problem of the ellip-
soid by Green (1833), Clebsch (1858), generalized by Kirchhoff {1889).
TRenkine treated the translatory motion of cylinders and ellipsoids
in & way bearing on the resistonce of ships. Stokes (1543) and Kirch-
Lofi entertain the guestion of more than one body. The motion
of rings has oceupied Kirchhoff (1869), Boltzmann (1871), Kelvin
(1871), Bjerknes {1879), and others. The results of C. A Bjerknes
(1868) on the felds of hydrodynamic force surrounding epheres,
pulsating or oscillating, in translatory or rotational motion, accent-
uate the remarkable similarity of these fields with the corresponding
cases in electricity and magnetism, and have been edited in a unique
monograph (1800) by his son. In a specia) category belong certain
powerful researches with & practical bearing, such &3 the modern
treatment of ballistics by Greenhill and of the ship propeller of
Ressel (1828), summarized by Gerlach (1885, 1880).

The numerous contributions of Kelvin (1888, 1850) in particular
have thrown new light on the difficult but exceedingly important
question of the gtability of fluid motion.

The century, mOTeover, has extended the working theory of the
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tides due to Newton (1687) and Laplace (1774), throu
of Airy, Kelvin, and Darwin. Blass QTT4), Srosh fhalabem

Finally the forbidding subject of vortex motion was gradually
approached more and more fully by Lagrange, Cauchy (1815, ummqv.‘
Svanberg (1839), Stokes (1845); but the epoch-making integrations
of the differential equations, together with singularly clear-cut inter-
pretations of the whole subject, sre due to Helmholtz (1858). Kelvin
(1867, 1883) soon recognized the importsnce of Helmholtz’s work
and extended it, and further advance came in partieular from J. J.
..-..coamo: (1883) and Beltrami {1876). The conditions of giability
in vortex motion were considered by Kelvin {1880), Lamb (1878),
J. J. Thomsen, and others, and the cases of one or more columnar
vortices, of cylindrical vortex sheets, of one or more vortex rings,
simple or linked, have all yielded to treatment.

The indestructibility of vortex motion in & frictionless fluid, ite
open structure, the occurrence of reciprocal forces, were compared
by Kelvin (1867) with the essential properties of the stom. Others
like Fitzgerald in Lis cobwebbed ether, and Hicks (1885) in his vortex
gponge, have found in the properties of vortices & clue to the pos-
sible structure of the ether. Yet it hes not been possible to deduce
the principles of dynamics from the vortex hypothesis, neither is the
property which typifies the mass of an atom clearly discernible.
Kelvin invokes the corpuscular hypothesis of Lesage (1818).

Viscosity

.ﬁ.o development. of viscous fow is largely on the experimentsl
side, particularly for solids, where Weber (1833), Iohlrausch {1563,
ef 81q.), and others have worked out the main laws. Stokes [1843)
deduced the full equations for liquids, Poiseiulle's law (1847), the
muoaos of small solids in viscous liquids, of vibrating plates, and other
important special cases, has yielded to treatment. The coefficients
of viscosity defined by Poisson (1831), Maxwell (1868}, Hagenbach
(1880), o E. Meyer (1883), are exhaustively investigated for gases
and for liguids. Maxwell (1877) has given the most suggestive and
Bolizmann (1876) the most carefully formulated theory for solids,
but the investigation of absolute data hes but begun. The diffieulty
of reconciling viscous flow with Lagronge's dynamics seemms first 10
have besn adjusted by Navier.

Aeromechanics

>o3w:.m8 is indissolubly linked with thermodynamics. Aero-
dynamics has not marked out for itsell any very definite line of
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attention of Rayleigh, it is chiefiy on the experimental side that the
gubject has been enriched, as, for instance, by the lebors of Langley
(1891) end Lilienthal. Langley (1887) has, indeed, .8:3.:2& a
steam-propelled seroplane which flew successfully; but man himself
has not yet flown.

Moreover, the meteorologicel applications of gerodynamics €on-
tained in the profound researches of Guldberg and Mohn {1877),
Ferrel (1877), Oberbeck (1882, 1886), Helmholtz (1888, 1889), and
others, as well as in such investigations pe Sprung's (1830} on the in-
ertia path, are as yet rather qualitative in their bearingon the eetual
motions of the atmosphere. The marked progress of meteorology i8
observational in character.

Acouslics

Early in the century the veloeity of sound givenin a famous equa-
tion of Newton was corrected to agree with observation by Laplace
(1816).

The great preblems in acoustics are addressed in part to the elas-
tician, in part to the physiologist. In the former case the work of
Rayleigh (1877) has described the present stage of development,
interpreting end enriching gimost every part diseussed, In the latter
case Helmholts (1863) has devoted his immense powers to a like
purpose and with like success. Konig has been prominently con-
cerned with the construction of accurate acoustic apparatus.

It ie interesting to note that the differential equation representing
the vibration of stringe was the first to be integrated; that it passed
from I’Alembert (1747) auccessively to Euler (1779), Bernoulli
(1753) and Lagrange (1759). With the introduction of Fourier's series
{1807) and of spherical harmonics &1 the very beginning of the cen-
tury, D'Alembert’s and the other correspending equations in acous-
ties readily yielded to rigorous anelysis. Rayleigh's first six chaplers
summarize the results for one and for two degrees of freedom.

Flexural vibration in reds, membranes, and plates become pro-
minent in the unigue investigations of Chladni (1787, 1796, Akustik,
1802). The behavior of vibrating rods has been developed by Euler
(1779), Cauchy (1827), Poisson (1833), Strehlke {(1833), Lissajous
(1833}, Seebeck (18498), and is summarized in the seventh and eighth
chapters of Rayleigh's book. The transverse vibration of membranes
engaged the attention of Poisson (1829). Round membranes were
rigorously treated by Kirchhoff (1850) and by Clebsch {1862); ellip-
tic membranes by Mathieu (1868). The problem of vibrating plates
presents formidable difieulties resulting not only from the edge con-
ditions, but from the undetlying differential equation of the fourth
degree due to Sophie Germain (1810) end to Lagrange (1811). The
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solutions have taxed the powers of Poisson (1812, 1829), Cauchy
(1820), Kirchhoff (1850), Boussinesq (1871-79), and others. For the
circular plate Kirchhoff gave the complete theory. Reyleigh system-
atized the results for the quadratic plate, and the genersl account
makes up his ninth and tenth chapters.

Longitudinal vibrations, which are of particular importance in case
of the organ-pipe, were considered in succession by Poisson (1817),
Hopkins (1838}, Quet (1855); but Helmheltz in his famous paper
of 1860 gave the first edequate theory of the open organ-pipe. involv-
ing viscosity. Further extension was then added by Kirchhoff (1888),
and by Rayleigh (1870, of 2e0q.), including particularly powerful
gnalysis of resonance. The subject in its entirety, including the allied
treatment of the resopator, completes the second volume of Ray-
leigh's Sound.

On the other hand, the whole eubject of tone-guality, of combin-
ation and difference tones, of speech, of harmony, in ite physical,
physiological, and ssthetic relations, has been reconstructed. using
all the work of earlier investigators. by Helmholtz (18562), in his mas-
terly Tonempfindungen. With rare skill and devotion Konig contrib-
uted & wealth of siren-like experimental appurtenances.

Acousticians have been fertile in devising ingenious methods and
apparatus, amMong whic) the tuning-fork with resonaior of Marlove,
the siren of Cagniard de la Tour (1810}, the Lissajous eurves {1857},
the stroboscope of Plateau (1832), the manometrie flames of Konig
(1862, 1872), the dust methods of Chladni (1787) and of Wundt
(1865-68), Melde’s vibrating strings (1360, 1864), the phonograph
of Edizon and of Bell (1877}, are among the more famous.

Heat: Thermomelry

The invention of the air thermomeier dates back at least to Amon-
tons {1609), but it was not until Rudberg {1837}, and more thor-
oughly Regnault (1841, of seq) and Magnus {1842), had completed
their work on the thermal expansion and compressibility of air,
that air thermometry became adequately rigorous, On the theoret-
jeal side Clapeyron (1834}, Helmholtz (1847), Joule {1848), had in
various ways proposed the use of the Carnot function (1894) for
temperature measurement, but the subject was finally disposed of
by Kelvin (1849, of geq.) in his series of papers on temperature snd
temperature measurement.

Practical thermometry goined much from the measurement of the
expansion of mercury by Dulong and Petit (1818), repeated by
Regnault. It also profited by the determination of the viseous
hehavior of glass, due to Pernet {1876) and others, but more from
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It is significant to note that the broad question of thermal expan-
sion hag yet no adequate equation, though much has been done
experimentally for fluids by the magnificent work of Amagat (1869,

1873, ef seq.).

Heat Conduction

The subject of heat conduction from a theoretical point of i.oi
was virtually created by the great memoir of Fourier (1822), which
shed its first light here, but subsequently illumined almost the whole
of physics. The treatment passed auccessively through the hands of
many of the foremost thinkers, notably of Poisson wao,.;wd.
Lemé (1838, 1839, 1843), Kelvin (1841-44), and others. With the
latter (1856) the ingenious method of sources and sinks origineted.
The character of the conduction is now well known for continuous
media, isctropic or not, bounded by the more simple mmon.saanp_
forms, in particular for the sphere under all reasonable initial and
suriace conditions. Much attention has been given to the heal con-
duction of the esrth, following Fourier, by Kelvin (1862, 1878),
King {1893), and othere. .

Experimentally, Wiedemann and Franz (1853) determined ».7@
relative heat conduction of metals and showed that for simple bodies
a parallel gradation exists for the cases of heat and of electrical con-
duetivity. Noteworthy absolute methods for measuring heat conduc-
tion were devised in particular by Forbes {1842), F. Neumann (1562),
Angatrom (1861-64), and & lamellar method appiying to fuids by
H. F. Weber (1880).

Calorimefry

Practical calorimeiry Wes virtully completed by the researches
of Black in 1763. A vich harvest of experimental results, therefore,
has since accrued to the subjects of speeific, letent, and chemical
heats, due in particularly importent creet 0 the indefatigable Reg-
nault (1840, 1845, € geg.). Dulong and Petit (1819) dispovered the
remarkable fact of the approximate constancy of the atomic heats
of the elements. The apperently exceptional cases were interpreted
for carbon silicon and boron by H. ¥, Weber (1873), and for sulphur
by Regnault {1840). F. Neumann (1831) extended the law to 8.:7
pourd bodies, and Joule (1844) ghowed that in many cases mugdma
heat could be treated rs additively related to the component specific
heats.

Among recent apparatis the invention of Bunsen's ice calorimeter

(1870) deserves particuler mention.
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T hermodynamics

. Thermodynamice, as has been stated, in o singularly fruitiul way
interpreted and broadened the old Leibnitzian principle of vs viva
of 1886. Beginning with the incidental experiments of Rumford
(1798) and of Davy (1709) just eatedating the century, the new
conception slmost leaped into being when J. R. Mayer (1842, 1845)
defined and computed the mechanical equivalent of heat, and when
.uo:._o (1843, 1845, ¢f s¢q.) made that series of precise and judiciously
varied measurements which mark an epoch. Shortly after Helmboltz
(1847), transcending the mere bounds of heat, carried the docirine
of the conservation of energy throughout the whole of physics.
] Eatlier in the century Carnot (1824), stimulated by z..m growing
importance of the steam engine of Watt (1763, of geq.}, which Fulton
m_moav hsd already applied to transportation by water and which
varnsuo: (1820) soon after applied to transportation by land,
invented the reversible thermodynamic eyele. This eyele or sequence
on. states of equilibrium of two bodies in mutual action is, perhaps,
without s parallel in the prolific fruitfulness of its contributions to
modern physics. Its continued use in fifty vears of research has
Ewﬂ sharpened its logical edge. Carnot deduced the startling doc-
trine of & temperature criterion for the efficiency of engines. Clapey-
ron (1834) then gave the geometrical method of representation
universally used in thermodynamic discussions to-day, though often
made more fexible by new codrdinates &s suggested by Gibbs (1873).
To bring the ideas of Carnct into harmony with the first law of
:,w_._sc&.susmam it is necessary to define the value of a transiorm-
ation, and this was the great work of Clausius (1850), followed very
closely by Kelvin (1831) and more hypothetically by Rankine Cmm_w.
The latter's broad treatment of energetics (1853) antedates :5:.,..
recent discussions. As early as 1858 Kirchhoff investigated the
solution of solids and of gases thermodynamically, masomsomsm at
the same time an original method of treatment.

.H..ra second law was not generally accepted without grave mis-
giving. Clausius, indeed, succeeded in surmounting most of the
objections, even those contained in theoretically delicate problems
msmcoFSu with radiation. Nevertheless, the confusion raised by the
invoeation of Maxwell's ' demon " has never guite been calmed ; and
while Boltzmann (1877, 1878) refers to the second law &s a case of
probability, Helmholtz (1852} admits that the law is an expression
of our inability to deal with the individuel atom. Irreversible pro-
cesses as vet lie quite beyond the pale of thermodynamies. For these
the famous inequality of Clausius is the only refuge. The value of an
uncompensated transformation is always positive.

Tha tvvantinm af woarhaninal svctome which more or less fully
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conform to the second law has not been infrequent. Ideas of this
nature have been put forward by Boltzmann (1886, 1872), by Clau-
sius (1870, 1871), and more powerfully by Helmholtz (1884) in his
theory of cyclic systems, which in a measure suggested the hidden
mechanism at the root of Hertz's dynamics. Gibba's (1902) element-
ary prineiples of gtatistical mechanics seem, however, to contain the
nearest, approach to a logical justification of the gacond law —an
approach which j& more than a dynamical llustration.

The applications of the first and second laws of thermodynamics
are ubiquitous. As interesting instances we may mention the con-
ception of an idea) gas and it8 properties; the departure of physical
geses from ideality as shown in Kelvin and Joule's plug experiment
(1854, 1862); the corrected temperature scale resulting on the one
hend, and the possibility of the modern Jiquid air refrigerator of
Linde and Hampson (1885) on the other. Difficulties encountered
in the liguefaction of incoercible gases by Cailletet and Pictet (1877)
have vanished even from the hydrogen coercions of Olezewski (1895)
and of Dewsr and Travers.

Again, the broad treatment of fusion and evaporation, beginning
with James Thomson’s (1849) computation of the melting point of
jce under pressure, Kirchhofl's (1858) treatment of gublimation, the
extensive chapter of thermo-elastics set on foot by Kelvin's (1853)
equation, are further examples.

To these must ba added Andrews's (1860) discovery of the continu-
ity of the liquid and the gaseous states foreshadowed by Cagniard
de 1a Tour {1822, 1823); the deep insight into the laws of phyeical
gases furnished by the experimental prowess of Amagat (1881, 1893,
1896), and the remarkably close approximation amounting almost to
& prediction of the facts observed which is given by the great work
of van der Waals (1873).

The further development of thermodynamics, remarkable for the
breadth, not to say audacity, of ite generalizations, was to take
place in connection with ¢hemical systems, The analyticel power
of the conception of a thermodynamic potential was recognized
nearly at the same time by many thinkers:' by Gibbs (1876), who
discovered both the isothermal and the adisbatic potential; by
Massien (1877), independently in his Fonctions characteristiques ;
by Helmholtz (1882), in his Freie Energie; by Duhem {1886) and by
Planck (1887, 1881), in their regpective thermodynamic potentiale.
The transformation of Lagrange's dootrine of virtual displacements of
infinitely more complicated systems than those originally contem-
plated, in other words the introduction of & virtual thermodynamic
modification in complete snalogy with the virtual displecement of

the mécanigue analytigue, marked & new possibility of rescarch of
! Maxwell's avatloble energy is aecidentally overlooked in the texs.
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which Gibbs made the profoundest use. Unaware of this marshaling
of powerful mathematical forces, van 't Hoff (1836, 1888) consum-
mated his marvelously simple application of the second law; and
from interpretations of the experiments of Pfeffer (1877) and of
Raoult (1883, 1887) propounded & new theory of solution, indeed,
a basis for chemical physics, in a form at once available for experi-
mental investigation,

The highly generalized treatment of chemical statics by Gibbs
bore early fruit in its application to Deville's phenomenon of disso-
ciation (1857), and in succession Gibbs (1878, 187%), Duhem (1856),
Planck (1887), have deduced adequste equations, while the latter
in case of dilute solutions gave a theoretical basis for Guldberg and
Waage's law of mass action (1870). An earlier independent treat-
ment of dissaciation is due to Horstmann (1869, 1873).

In comparison with the brilliant sdvance of chemioal statics which
followed Gibbs, the progress of chemicsl dynamics has been less
obvious; but the outlines of the subject have, nevertheless, been sue-
einetly drawn in a profound paper by Helmholtz (1886), followed
with much skill by Duhem (1804, 1806) and Natansen (1898),

Kinetic Theory of Gases

The kinetio theory of gases at the outset, and &8 suggested by
Herapath (1821), Joule {1851, 1857), Krénig (1866), virtually re-
affirmed the elassic treatize of Bernoulli (1738). Clausius in 1857-62
grave to the theory a modern sepect in his derivation of Boyle's law
in its thermel relations, of molecular velocity and of the ratio of
translational to total energy. He also introduced the medn free
path (1858). Closely after followed Maxwell (1860}, sdducing the
law for the distribution of velocity among molecules, later critically
and elsborately examinad by Boltzamann (1868-81). Nevertheless,
the difficulties relating to the partition of energy have not vet been
gsurmounted. The subject iz still under vigorous discussion, as the
papers of Burbury (1899) and others testify,

To Maxwell (1860, 18G8) is due the specifically kinetic interpret-
ation of viscosity, of diffugion, of heat conduction, subjects which
also engaged the attention of Boltzmann (1872-87). Rigorous data
for moleculsr veloeity end mean free path have thus become avail-
able, and van der Waals (1873) added = finsl allowance for the size
of the molecules, Less satisfactory has been the exploration of the
character of molecular force for which Maxwell, Boltzmann (1872,
et seq.), Sutherland (1886, 1893), and others have put forward tenta-
tive investigations,

The intrinsic equetion of fluids discovered and treated in the
great peper of van der Waals {1873), though partaking of the charac-

— — — - —
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ter of & first approximation, has greatly promoted the codrdination
of most of the known facts. Corresponding states, the thermsl
coefficients, the vapor pressure relation, the minimum of pressure-
volume products, snd even molecular diameters, are reasonably in-
ferred by ven der Waals from very simple premises. Many of the
results have been tested by Amagat (1898). ;

The data for molecular diameter furnished by the kinetic theory
ag & whole, viz., the original values of Loschmidt {18635), of van .a.mq
Waals (1873), and others, are of the same order of ...p_cow 88 Kelvin's
estimates (1883) from capillarity and contact a_ao:.o_ﬁ.. Many
converging lines of evidence show that an approximation to the
truth has surely been reachad.

Our knowledge of the radiation of heat, diathermacy, thermo-
crosig, was premoted by the perfection which the thermopyle resched
in the hands of Melloni (1835-53). These and other 333@% set
at rest forever all questions relating to the identity of _Sp.a and light.
The subject was, however, destined to attain rouch higher order
of precision with the invention of Langley’s co_oﬂm.b.. (1881). The
survey of heat spectra, beginning with the laborious attempts of
Herschel (1840, of E. Becquerel (1543, 1870), H. Becquerel [1883),
and others, has thus culminated in the magnificent development
shown in Langley’s charts (1883, 1884, ef seq.).

Kirchhofi’'s law (1880}, to some extent anticipated by Stewart
(1857, 1858), pervades the whole subject. The radiation of the black
body, tentatively formulated in relation to temperature by m.:..?:
(1879) and more rigorously by Boltzmann (1884), has furnished
the savants of the Reichsanstalt with means for the development
of & new pyrometry whose upper limit is not in sight. ;

Among evrious inventions Crooke's radiometer (1874) mzm Bell's
photophone may be cited, The adaptation of the former in case of
high exhaustion to the actual messurement of Maxwell's Cm.ﬁv
light pressure by Lebedew (1901) and Nichols and Hull (1903) is
of quite recent history. -

The first estimate of the important constant of solar radiation u.;
the earth was made by Pouillet {1838); but other pyrheliometric
methods have since been devised by Langley (1884) and more re-
cently by Kngstrém (1886, e seq.).

Veloeity of light

Data for the velocity of light, verified by independent astronom-
ical observations, were well known prior to the century; for Romer
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had worked as long ago es 1675, and Bradley in 1727. It remained
to actually mensure this enormous veloeity in the laborgtory, appar-
ently an extraordinary feat, but accomplished simultaneously by
Fizeau (1849) and by the aid of Wheatstone's revolving mirror (1834)
by Foucault (1849, 1850, 1862). Since that time precision has been
given to this important constant by Cornu (1871, 1873, 1874), Forbes
and Young (1882), Michelson (1878, et seq.), and Newcomb (1885).
Fouesult {1850), and more accurately Michelson (1884), deter-
mined the variation of velocity with the medium and wave-length,
thus assuring to the undulatory theory ite ultimate triumph. Grave
concern, however, still exists, inasmuch as Michelson and Morley
(1888) by the most refined messurement, and differing from the
older observations of Fizeau (1851, 1858), were unzble to detect
the optical effect of the relative motion of the atmosphere and the
luminiferous ether predicted by theory.

Rémer's observation may in some degree be considered as an
anticipation of the principle first clearly stated by Déppler (1842),
which has since become invaluable in spectroscopy. Estimates of
the density of the luminiferous ether have been published, in par-
tieuwlar by Kelvin (1854).

Geometric optics

Prior to the nineteenth century geometric optics, having been
mustered before Huyghens (1600), Newton (1704), Malus (1808),
Lagrange (1778, 1803), and others, had naturally attained a high
order of development. It was, nevertheless, remodeled by the great
paper of Gauss {1841), end was thereafter generalized step by step
by Listing, Mobius (1855}, end particularly by Abbe (1872), post-
ulating that in character, the cardinal elements are independent
of the physieal reasons by which cne region is imaged in another.

So meny able thinkers. like Airy (1827), Maxwell (1856, ¢! seq.),
Bessel (1840, 1841), Helmholtz (1856, 1867), Ferraris (1877, 1880),
and others have contributed to the furtherance of geometrie optics,
that defnite mention is impossible. In other cases, again, profound
methods like those of Hamilton (1828, et seg.), Kummer (1859),
do not seem to have borne correspondingly obvicus fruit. The fun-
damental bearing of diffraction on geometric optics was first pointed
out by Airy (1838), but developed by Abbe (1873), and after him by
Rayleigh (1878). An adequate theory of the rainbow, due to Airy
and others, is one of its picturesque accomplishments (1838).

The so-called astronomicel refraction of a medium of continu-
ously verving index, successively treated by Bouguer (1739, 1749),
Simpeon (1743), Bradley (1750, 1762), owes its recent refined de-
velopment to Bessel (1823, 1828, 1842), Ivory (1822, 1823, & seq.),
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Radau (1884), and others. Tait (1883) gave much attention to the
allied treatment of mirage.

In relation to instruments the conditions of aplantism were exam-
ined by Clausius (1884), by Helmbolts (1874), by Abbe (1873, «
seq.), by Hockin (1884), and others, and the apochromatic lens was
introduced by Abbe (1879). The microscope is still well subserved
by either the Huyghens or the Ramsden (1873) eye-piece, but the
objective has undergone successive stages of improvement, begin-
ning with Lister's discovery in 1830. Amici (1840) introduced the
principle of immersion; Stephenson (1878) and Abbe (1879), homo-
geneous immersion; and the Abbe-Zeiss apochrometic cbjective
{1886), the outcome of the Jena-glass experiments, marks, perhaps,
the high-water mark of the art for the microscope. Steinheil (1865,
1866) introduced the guiding principle for photographic objectives.
Alvan Clark carried the dificult technique of telescope lens con-
struction to a degree of astonishing excellence.

Spectrum — Dispersion

Curiously, the acumen of Newton (1666, 1704) stoppzd short of
the ultimate conditions of purity of spectrum, It was left to Wollas-
ton {1802), about one hundred vears later, to introduce the slit
and observe the dark lines of the solar spectrum, Fraunhofer (1814,
1815, 1823) mapped them out carefully and insisted on their solar
origin. Brewster (1833, 1834), who afterwards (1850) published &
map of 3000 lines, was the first 1o lay stress on the occurrence of
absorption, believing it to be atmospheric. Forbes (1830) gave even
greater definiteness to absorption by referring it to solar origin.
Foueault {1849) pointed out the coincidence of the sodium Jines
with the D group of Freunhofer, and discovered the reversing
effect of sodium vapor. A statement of the peralielism of emission
and absorption came from Angstrom (1835) and with greater defin-
iteness and ingenious experiments from Stewart (1880). Never-
theless, it was reserved to Kirchhoff and Bunsen (1860, 1861) to
give the clear-cut distinctions between the continuous spectra and
the characteristically fixed bright-line or dark-line spectra upon
which spectrum analysis depends. Kirchhofi’s lJaw was announced
in 1861, end the same year brought his meap of the solar gpectrum
and a discussion of the chemical composition of the sun. Huggins
{1864, el seq.), Angstrém (1868), Thalén (1875), followed with im-
proved observations on the distribution and wave-ength of the solar
lineg: but the work of these and other observers was suddenly over-
shadowed by the marvelous possibilities of the Rowland concave
grating (1882, ¢ s29.). Rowland’s maps and tables of the solar spec-
trum as they sppesred in 1857, 1889, ¢f #eg., his summary of the
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elements contained in the sun (1881), each marked a definite stage
of advance of the subject. Mitscherlich (1862, 1863) probably was
the .mq.& to recognize the banded or channeled spectri of compound
vw@sa. Balmer (1885) constructed a valuable equation for recog-
ﬁm.%% the &wﬁcczoa of single types of lines. Kayser and Runge
, ¢ e0g.) successfully analy
alkaline and other a_aao"wa. ol i D i B
: The modernized theory of the grating had been given b Raylei
in 1874 and was extended to the aougmd grating .cmw wos._ﬂ:aaw__m_am.
WMMWV and o:.o.a. _> wm_s_.p_ thecry of the resolving power of vmm“
ic systems is also due to i

i ey e to Rayleigh (1879, 1880), and enother to

The work of Rowland for the visible spectrum was ably paral-
leled by V.E.m_aw.n investigations (1883 et 2eq.) of the infra-red, dating
from a.Z _.u...mnzo: of the bolometer (1881). Superseding the work
of earlier investigators like Fizeau and Foucault {1878) and others
Hm.am_ow. extended the spectrum with detailed accuracy to 9.2..
o_m.d times its visible length. The solar and the Junar spectrum the
radintions of incandescent snd of hot bodies, were all specified mvm?
lutely Ea.,aﬂw precision. With artifiial spectra Rubens (1892,
18¢0) .—zm since gone further, reaching the longest heat-waves known.

A similarly remarkable extengion was added for the ultra-violet
by Schumann (1860, 1802), contending successully with the grad-
ually increasing opacity of all known media,

mxﬁamaggzw the suggestion of the spectroheliograph by Lock-
ver (1868) and by Janssen (1868) and its brilliant 853&&»3 by
msma. {1892) promise notadle additions to our knowledge of solar
agtivity.
: Finsally, the refractions of absorbing media have been of great
importsnce in their bearing on theory. The peculiarities of metallic
:...mn.a:w: were announced from his earlier experiments (1811) by
Arago in :.:.q and more fully investigated by Brewster {1815, umw.w.
1831). F. Neumenn {1832) und MacCullagh (1837) gave sherper
statements to these phenomens. Equations were advanced by
o»cn._d. (1838, o seq.) for isotropic bodies, and later with greater
detsil by Rayleigh (1872), Ketteler (1876, of 2eg.), Drude (1857, ¢f
%q.f m:m others. Jamin (1847, 1848) devised the first experiments of
requisite u.wanmm._ou and found them in clese pgreement with Cauchy's
theory. Kundt (1888) more recently investigated the uo?na:os.&
metallic prizms.

>:o§_.€cw &wwnamg wes discovered by Christiansen in 1870,
and uza.sa by Kundt (1871, e s¢9.). ellmeyer's (1872) powerful
p.:g flexible theory of dispersion was extended to include absorp-
tion eflects by Helmboltz (1874), with greater detail by Ketteler
(1870, ¢f #e9.), and from a different point of view by Kelvin (1385).

PROGRESS IN NINETEENTH CENTURY 49

The elestromagnetic theory Jends iteell particularly well to the same
phenomens, and Koldzek (1887, 1858), Goldhammer (1892), Helm-
holtz (1802), Drude {1892), and others instanced its adaptation with

suceess.
Photomelry, Flugrescence, Photochemisry

The cosine law of Lambert. (1760) has since heen interpreted in
a way satisfying modern Tequirements by Fourier (1817, 1824) and
by Lommel (1880). Among new resources for the experimentalist
the spectrophotometer, the Lummer-Brodhun photometer (1889),
and Rood's flicker photometer (1893, 1899), ghould be mentioned.

Fluorescence, though ingeniously treated by Herschel {15845,
1853) and Brewster (1848, et 8eg.), was virtually ereated in its philo-
sophical aspects by Stokes in his great papers (1852, et seq.) on the
subject. In recent years Lommel {1877) made noteworthy contribu-
tions., Phosphorescence has engaged the attention of E. Becquerel
(1859}, among others.

The Jaws of photochemistry are in large measure due to Bunsen
and Roscoe {1857, 1562). The practical development of photography
from jts beginnings with Daguerre (1829, 1838) and Niépce and
Fox-Talbot (1839), to its fina! improvement by Maddox (1871)
with the introduction of the dry plate, is familiar 10 all. Vogel's
(1873) discovery of appropriate sensitizers for different colors has
added new resources to the already invaluable application of photo-
graphy to spectroscopy.

Interference

The colors of thin plates treated successively by Boyle {1663),
Hooke (1663), and more particularly by Newton (1672, Optiks,
1704), became in the hands of Young (1802) the means of framing
un adequate theory of light. Young also discovered the colors of
mixed plates and was cognizant of loss of hall a wave-length on
reflection from the denser medium. Fresnel (1815} geve an inde-
pendent explanation of Newton's colors in terms of interference
devising for further evidence his double mirrors {1816), his biprism
{1810}, and eventually the triple mirror (1820). Billet's plates an
split lens (1858) belong to the same classica! order, a8 do nlso Lloyd"
(1837) and Heaidinger's (1849) interferences, Brewster's (1817
observation of interference in case of thick plates culminated i
the hands of Jamin (1856, 18567} in the useful interferometer. Th
gcope of this apparatus was immensely advanced by the famou
device of Michelson (1831, 1882), which hes now become a funde
mental instrument of research., Michelson's determination of th
length of the meter in terms of the wave-length of light with &
tounding aceuracy is & mere example of ite aceomplishments.

107
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Wiener (1890} in his discovery of the stationary light-wave intro-
duced an entirely new interference phenomenon. The method was
meﬁm&p”_w .nvv“_”.ua :W. color photography by Lippmeann (1861

, showin at the i IRY is
vroSnngammu. gt clectric and not the magnetic vector is
: 56. theory of interferences from @ broader point of view, and
including the occurrence of multiple reflections, was m:oamum?o_,.
perfected by Poisson (1823), Fresnel (1823), Airy (1831). It has
recently been further advanced by Feussner (1880, ¢f seq.), Sohneke
and Wangerin (1881, 1883), Rayleigh (1889), and others. The inter-
ferences along & caustic were treated by Alry (1836), but the
endeavor to reconstruct geometric optics on a difiraction bagis

has as yet only succeeded in certain important instances, as already
mentioned. .

Difraction

Though difiraction dates back to Grimaldi (1865) and was well
w:.oﬂ.: to Newton (1704), the first correct though erude interpret-
ation of the phenomenon is due to Young (1802, 1804). Independ-
ently Fresnel (1815) in his original work devised similar explanations
but later (1818, 1819, 1820) gave a more retional theory in Snam
of Huyghens's principle, which he was the first adequately to inter-
pret. 3@43_ uwoﬂon. that all points of & wave-front are concerned
“M?v”.“amr“”mm.w__ﬁ.ﬂm_mon. though the ultimate critical analvsis wes

In 1822 Fraunhofer published his remarkable paper, in which,
among other inventions, he introduced the grating into seience.
Zone v_w‘sm were studied by Cornun (1873) and by Soret (1875).
Rowland’s concave grating appeared in 1881 ; Michelson's echelon
spectrometer in 1809,

The 98&. of gratings and other diffraction phenomeng was
au.:w..._m.,:.od. treated by Schwerd (1837). Babinet established the
wsunio beaving his name in 1837. Subsequent developments were
in part Qsaoaﬁ_ with the improvement of Fresnel's method of
Sﬂmcz.co? in part with & more rigorous treatment of the theory
of 9?.8.:3. Stokes (1830, 1852) gave the first sccount of the
vo_.w.:nocon accompanying diffrection, and thereafter Reyleigh
(1871) end many others, including Kirchhoff (1852, 1883), profoundly
modified the classic treatment. Airy (1834, 1828) and others a_svom-
.%a_u. examined the diffraction due to & point source in view of its
.Svozu.uo bearing on the efiiciency of optical instruments.

% unique development of diffraction is the phenomenon of scat-
tering vz..voc:m& by Rayleigh (1871) in his dynamics of the blue
sky. This great theory which Rayleigh has repeatedly improved
(1881, ef aeq.) has since superseded &l other relevant explanations.

———————————
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Polorization

An infinite variety of polarization phenomens grew out of Bar-
tholinus's (1670) discovery. Sound beginnings of & theory were
laid by Huyghens (Traité, 1690), whose wavelet principle and ele-
mentary wave-front have perzisted as &n invelueble sequisition, to
be generalized by Fresne! in 1821,

Fresh foundations in this department of opties were Jasid by
Malug (1810) in his discovery of the cosine Jaw and the further
discovery of the polarization of refected light, Later {1815) Brewster
adduced the conditions of maximum pelarization for this case.

In 1811 Arago announced the occurrence of interferences in con-
nection with parallel v_upa.ﬁ&z.:oa light, phenomens which under
the observations of Arsgo and Fresnel (1818, 1810), Biot (1816},
Brewster (1813, 1814, 1818), and others grew immensely in variety,
and in the importance of their bearing on the undulatory theory.
It is on the basis of these phenomena thet Freenel in 1819 insisted
on the transversality of light-waves, offering proef which was sub-
sequently made rigorous by Verdet (1850), Though & tentative
explenation was here again given by Young (1814), the first ade-
quate theory of the behavior of thin plates of molotropie media
with pelerized light came from Fresnel (1521).

Airy (1833) elucidated a special case of the gorgeously compli-
cated interferences obtained with convergent pencils; Neumanh
in 1834 gave the general theory. The forbidding equations resulting
were geometrically interpreted by Bertin (1861, 1884), and Lomme!
(1883) and Neumenn (1841) added a theory for stressed medis,
afterwards improved by Pockels {1889).

The peculiarly undulatory character of natural light owes ite
explanation largely to Stokes (1852), and his views were verified
by meny physicists, potebly by Fizeau (1862) showing interferences
for path differences of 50,000 wave-lengths, and by Michelson for
much larger path differences.

The occurrence of double refraction in all non-regular crystals
was recognized by Haily (1788) and studied by Brewster {1818).
In 1821, largely by # feat of intuition, Fresnel introduced his gen-
eralized elementary wave-surface, and the correctness of his explan-
ation has gince been substantiated by a host of observers. Stokes

(1862, ef seq.) was unremittingly active in pointing out the theoret-
ical bearing of the resuits obtained. Hamilton (1832) gupplied
a remarkable criterion of the truth of Fresnel's theory deductively
in the prediction of both types of conic refraction, The phenoment
were detected experimentally by Lloyd (1833).

The domain of natural rotary polerization, discovered by Areg
(1811) and enlarged by Biot (1815), has recently been placed i
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close relation to non-symmetrical chemical structure b 7
) y LeBel (1874)
and ven 't Hof (1875), and a tentative melecular t '
vanced by Sohneke (1876). Rl Abogey. whn At
Boussinesq {1868) adapted Cauchy’s theory (1842) to these phe-
nomena, ?%vﬂ..%:.. elastic theoriet were propounded by Mae-
Oc__vw._. (1837), mq_o».. Sarrau (1868); but there is naturally no diffi-
culty in ngcisw for rotary polarization by the electromagnetic
.gMQ of light, as was shown by Drude (1802).
mong investigational apparatus of great importa i
(1840, 1847) saccharimeter mey be anmg&. parbanag iy Sl

Theories

) In conclusion, s brief summary may be given of the chief mechan-
isms proposed to sccount for the undulations of light. Fresnel sug-
m.nmrwa the first ndequate optical theory in 1821, which, though
m_mwinzw correct in its bearing on reflection and refraction in the
widest sense, was merely tentative in congiruction. Cauchy (1829}
proposed s specifically elastic theory for the motion of relatively
long waves of light in continuous media, besed on a _.omuoswm_w
_Q_vcs.sm: of molecular force, and deduced therefrom Fresnel's
reflection end refraction equations. Green (1838), ignoring molecular
moS....w and procesding in accordance with hisown method in elastics
v:crm.w& a different theory, which did not, however, lead to m.‘owsﬂ.m.
equations. Kelvin (1888) found the econditions implied in Cauchy's
thecry compatible with stability if the ether were nonm.:_eaﬂ_.nw
bound by a rigid medium. The ether implied throughout is to have
the same elasticity everywhere, but to vary in density from medium
“w medium, and vibration to be normal to the plane of polarize-
ion.
Neumann {1835), whose work haz been reconstructed by Ki

{(1876), and MacCullagh (1837), with the aoczom?rv.vo.w,‘“w.a%,mm
m:.om. of fixed density but varying in elasticity from medium to
s...m&c_? glso deduced Fresnel’s eguations, obtsining at the same
time 3.2»9. surface conditions in the case of molotropic media. The
vibrationg are in the plane of polarization. .

All the elastic theories essentially predict & longitudinal light-wave
It was not until Kelvin in 1880-90 proposed his BSwnrad.ﬂo nﬁ.o..
statie theory of light, in which force and displacement become »oq.c:o
and twist, that these objections to the elsstic theory were wholly
removed. MacCullagh, without recognizing their bearing seems
ponE.Lq to have anticipated Kelvin's equation. ~

With the purpose o.* accounting for dispersion, Cauchy in 1835 gave
mwmn..ﬁ E.a.az. to hit theory by postulsting & sphere of action of

e e an e b 2 cawre lanoth and in this diraction
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he was followed by F. Neumann (1841}, Briot (1864), Rayleigh
{(1871), and others, treating an ether variously loaded with material
particles. Among theories beginning with the phenomens observed,
that of Boussinesq (1867, f geq.) has received the most extensive
development.

The difficult surface conditions met with when light passes from
one medium to snother, including such subjects as ellipticity, totel
reflection, ete., have been critically discussed, Among others, by Neu-
mann (1835) and Rayleigh (1888); but the discrimination between
the Fresnel and the Neumenn vector was not accomplished without
misgiving before the advent of the werk of Hertz.

1t eppears, therefore, that the elastic theories of light, if Kelvin's
gyrostatic adynamic ether be admitted, have not been wholly routed.
Nevertheless, the great electromagnetic theory of light propounded
by Maxwell (1864, Treatise, 1873) has been gingularly apt not only
in explaining all the phenomensa reached by the older theories and
in predicting entirely novel results, butin harmoniously uniting, &
parts of & unique doctrine, both the eleetric or photographie light,
vector of Presnel and Cauchy and the magnetic vector of Neumann
and MacCullagh. Its predictions have, moreover, been astonishingly
verified by the work of Hertz (1890), and it is to-dey nequiring added
power in the convection theories of Lorents (1895) and others.

FElecirostatics

Coulomb’s (1783) law antedates the century; indeed, it was known
to Cavendish (1771, 1781). Problems of electric distribution were
not seriously approached, however, unti} Poisson (1811) solved the
case for spheres in contact. Afterwards Clausius (1852), Helmholtz
(1888}, and Kirchhoff {(1877) examined the conditions for discs, the
last giving the first yigorous theory of the experimentally important
plate-condenser. In 184548 the investigaticn of electric distribu-
tion received new incentive as an application of Kelvin’s beautiful
method of images. Maxwell (Treatise, 1873) m.,.mSBa...;ou the treat-
ment of capacity and induction coefficients.

Riess (1837),in a classic series of experiments on the heat produced
by electrostatic discharge, virtually deduced the potential energy
of & conductor snd in & measure anticipated Joule's law (1541). In
1860 eppeared Kelvin's great paper on the electromotive force neeted
to produce & spark. As early as 1855, however, he had shown that
the epark discharge is lishle to be of the charscter of a damped vibre-
tion and the theory of electrie oscillation was subsequently extended
by Kirchhof (1867). The first adequate experimental verification
wis due to Feddersen (1858, 1861).

The speeific inductive gapacity of a medium with its fundamental
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bearing on the character of electrie force was discovered by Far-
aday in 1837. Of the theories propounded to account for this pro-
perty .ME most far-reaching is Maxwell’s (1863), which culminates in
..ro unique result showing that the refraction index of a medium
is the square root of its specific induetive capacity, With regard
to Maxwell's theory of the Feraday stress in the ether as compared
with the subsequent development of electrostriction in other media
by many euthors, notably by Beltzmenn (1880) snd by Kirchhoff
(1885), it is observable that the tendency of the former to assign
concrete physical properties to the tube of force is growing, partic-
:._u:v. in connection with radioactivity. Duhem (182, 1885) in-
sigls, however, on the greater trustworthiness of the thermodynamic
potential. ;

The seemingly trivial subject of pyroelectricity interpre:
am.a.vmacm (1756) and studied by Brewster (1823), _”pa :c:ﬂ ﬂ%% _N
elicited much discussion and euricsity, a vast number of data by
Heankel (1839-93) and others, and & succinet explanation by Kelvin
(1860, 1878). Similarly piezoelectricity, discovered by the brothers
Curie (1880}, has been made the subject of & searching investigation
by Voigt (1890). Finally Kerr (1875, et seq.) observed the occurrence
of double refraction in an electrically polsrized medium. Recent
resgarches, among which those of Lemoine (I806) are most accurate,
have determined the phase difference corresponding to the Kerr
effect under normal conditions, while Voigt (1880) has adduced
an adequate theory,

Certain electrostatic inventions have had a marked bearing on the
development of electricity. We may mention in particular Kelvin's
quadrant electrometer (1867) and Lippmann’s capillary electrometer
(1873). Moreover, among apparatus originating in Nicholson’s dupli-
cator (1788) and Volta’s electrophorus, the Tépler-Holtz machine
(1865-67), with the recent improvement due to Wimshurst, has
315”2_ all others. Atmospheric electricity, after the memorsble
experiment of Franklin (1751), meade little progress until Kelvin
.Cmgv organized a systematic attack. More recently a revival of
interest began with Exner (1886), but more particularly with Linss
(1887), who insisted on the fundamentsal importance of a detailed
w:og._@m.mo of atmospheriec conduction. It is in this direction that the
recent vigorous trentment of the atmosphere as an jonized medium
has v..o.mgmm&. owing chiefly to the indefatigable devotion of Elster
w:@ Geitel (1899, e seq.) and of C. T. R. Wilson (1897, ¢f s¢q.). Quali-
sz.o.c. the main phenomena of stmospheric electricity are now
plausibly accounted for; quantitatively there is as yet very little
specific information.
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Volta Contacls

Volta’s epoch-making experiment of 1797 may well be added to
the century which made such prolific use of it; indeed, the Voltaic
pile (1800-02) and Velta’s law of geries (1802) come just within it.
Among the innumerable relevant experiments Kelvin's dropping
electrodes (1859) and his funnel experiment (1867) are among
the more interesting, while the Spannungsrethe of R. Kohlrausch
(1851, 1853) is the first adequate investigation. Nevertheless, the
phenomenon has remained without a universally acceptable explang-
tion until the present day, when it is reluctantly yielding to electronic
theory, slthough ingenious suggestions like Helmholtz’s Doppel-
schicht (1870), the interpretations of physical chemistry and the
discovery of the concentration cell (Helmholtz; Nernst, 1888, 1880;
Planck, 1890) have thrown light upen it.

Among the earliest theories of the galvanic cell is Kelvin's (1851,
1860), which, like Helmheltz's, is incomplete. The most satisfactory
theory is Nernst's (1889). Gibbs (1878} and Helmholtz (1882} have
made searching critical contributions, chiefly in relation to the
thermal phenomena.

Volta's invention was made practically efficient in certain famous
galvanic eells, among which Daniell's {1838), Grove's (1839), Clarke’s
(1878), deserve mention, and the purposes of messurement have
been subgerved by the potentiometers of Pozgendorfl (1841), Bosscha
(1853), Clarke (1873).

Sechbeck Contacts

Thermoelectricity, destined to advence many departments of
physies, was discovered by Seebeck in 1821, The Peltier effect fol-
lowed in 1834, subsequently to be interpreted by Icilius (1853). A
thermodynamic theory of the phenomena came from Clausius (1853)
and with greater elaboration, together with the discovery of the
Thomson effect, from Kelvin (1854, 18566), to whom the thermo-
electric disgram is due, This was subsequently developed by Tait
(1872, e seg.) and his pupils. Avenarius (1863), however, first
observed the thermoelectric parabola,

The modern platinum-iridium or platinum-rhodium  thermo-
electric pyrometer dates from about 1885 and hes recently been
perfected at the Reichsanstalt, Melloni (1835, ef seq.) made the most
efficient use of the thermopyle in detecting minute temperature

differences,
Electrolysis

Though recognized by Nichols and Carlisle {1800} early in the
century, the laws of electrolysis awaited the discovery of Faraday
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(1834). Again, it was not till 1853 that further marked advances
were made by Hittorf’s (1853-50) strikingly original researches
on the motions of the jons. Later Clausius (1857) suggested an ade-
quate theory of electrolysis, which was subsequently to be specialized
in the dissociation hypothesis of Arrhenius (1851, 1884). To the
elaborate investigations of F. Kohlrausch (1879, & seq.), however,
soience owes the fundamental law of the independent velocities of
migration of the ions.

Polarization discovered by Ritter in 1803 became in the hends
of Planté (1859-1879) an invaluable mesns for the storage of energy,
an application which was further improved by Faure (1880),

Steady Flow

The fundamental Jaw of the steady flow of electricity, in spite
of its simplicity, proved to be peculiarly elusive. True, Cavendish
(1771-81) had definite notions of electrostatic resistance ss depend-
ent on length section and potential, but his intuitions were lost to
the world. Davy (1820), from lis experiments on the resistances of
eonductors, seems to have arrived at the law of sections, though he
obscured it in & misleading statement. Barlow (1525) and Beequerel
(1825-28), the latter operating with the ingenious differantisl gal-
vanometer of his own invention, were not more definite. Surface
effects were frequently suspected. Ohm himself, in his first paper
(1825), confused resistance with the polarization of his battery, and
it was not till the next year (1828) that he discovered the true
law, eventually promulgated in his epoch-making Die galvanische
Kette (1827).

It is well known that Ohm’s mathematical deductions were un-
fortunate, and would have left & gap between electrostatics and
voltaic electricity, But after Ohm's law had been further experi-
mentally established by Fechner (1830}, the correct theory was
given by Kirchhoff (1849} in n way to bridge over the gep specified,
Kirchhoff spproached the question gradually, considering first the
digtribution of current in a plane conductor {1845-48), from which
he pussed to the laws of distribution in branched conductors (1847-
48) — laws which now find such universal gpplication. In his great
papar, moreover, Kirchhoff gives the general equation for the sct-
jvity of the circuit and from this Clausius { 1852) soon after deduced
the Joule effect theoreticelly. The law, though virtualy implied
in Riess's results (1837), was experimentally discovered by Joule
(1841),

As bearing eritically or otherwise on Ohm’s law we may mention
the researches of Helmholtz (1852), of Maxwell (1876), the solution
of difficult problems in regerd to terminals or of the resistance of
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special forms of conductors, by Rayleigh (1871, 1879), Hicks (1883)
and others, the discussion of the refraction of lines of flow by Kirch
hoff (1846), and meny researches on the limits of aceuracy of the
law.

Finally, in regard to the evolution of the modern wm_a.gwaaﬁ
jrom its invention by Schweigger {1820), we may enumerate in Eue
cession Nobili's sstatic system (1834), Poggendorl's (1828) anc
(Gause’s (1833) mirror device, the aperiodic systems, Weber's (1862
and Kelvin's critiea! study of the best condition for galvanometry
g0 cleverly applied in the instruments of the latter. Kelvin's siphol
recorder (1867), reproduced in the Depretz-D'Arsonvel system (1882)
has adapted the galvanometer to modern conditions in cities. m..m
ghsolute measurement Pouillet's tangent galvanometer (1837
treated for sbeclute measurement by Weber (1840), and Weber
dynamometer (184€) have Jost little of their erigine]l importance.

Magnelism

Magnetism, definitely founded by Gilbert (1800) and put on
quantitative basis by Coulomb (1785), was first made “he wJE.x
of recondite theoretical treatment by Poisgon (1824-27). The Ssm
pretation thus given to the mechanism of two conditionally geparab
magnetic fluids facilitated discussion and was very generelly use
in argument, &s for instance by Geuss (1833) and others, althoug
Ampére had suggested the permanent molecular current as ear
as 1820, Weber (1852) introduced the revolvable molecular magne
a theory which Ewing (1800) afterwards generalized in & way |
include magnetic hysteresis. The phenomenon itself was indepen:
ently discovered by Warburg (1881) end by Ewing (1882), and h
since become of epecial practical impertance. .

Faraday in 1852 introduced his invaluable conception of lines
megnetic force, & geometrie embodiment of Gauss's (1813, 153!
theorem of force flux, and Maxwell (1855, 1862, ef seq.) thereaft
gave the rigorous seientific meaning to this conception which pe
vades the whole of contemporaneous elactromagnetics. .

The phenomenon of megnetic induction, trested hypothetical
by Poisson (1824-27) and even by Barlow (1820), has mmu.na bes
attacked by many grest thinkers, like F, Neumeann (1848), Kirchhe
(1854); but the predominating and most highly elaborated theo
is due to Kelvin (1840, ¢ geg.). This theory ia broad enough to
applicable to ®olotropic media and to it the greater part of the nc
ation in eurrent use throughout the world is due. A new method
attack of great promise has, however, been introduced by Duhe
(1888, 1893, ef seq.) in his application of the thermodynamic potent
to magnetic phenomena.
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Magneticians have succeeded in expressing the magnetic distri-
bution induced in certain simple geometrical figures like the
gphere, the spherical shell, the ellipsoid, the infinite eylinder, the
ring. Green in 1828 gave an original but untrustworthy treatment
for the finite cylinder. Lemellar and solenoidal disiributions are
defined by Kelvin (1850), to whom the similarity theorems (1836)
are also due. Kirchhofl’s results for the ring were practically utilized
in the absolute measurements of Stoletow (1872) and of Rowlead
{1878).

Diamagnetism, though known since Brugmans (1778), first chal-
lenged the permanent interest of science in the researches of Becquerel
{1827) snd of Faraday (1845). Itis naturally included harmonicusly
in Kelvin's great theory (1847, ef seq.). Tndependent explanations of
diamagnetism, however, have by no means abandoned the fleld;
one may instance Weber's (1852) ingenious generalization of Ampare's
molecular eurrents (1820) and the broad critical deductions of Dubem
(1880) from the thermodynamic potential. For the treatment of
molotropic magnetic media, Kelvin’s (1850, 1851) theory seems to
be peculiarly applicable. Weber's theory would seem to lend itself
well to electronic treatment.

The extremely complicated subject of magnetostriction, eriginally
observed by Matteusi (1847) and by Joule (1849) in different cases,
and elaborately studied by Wiedemann (1858, ef s¢q.), has been
repeatedly attacked by theoretical physicists, among whom Helm-
holtz (1881), Kirchhof (1885), Boltzmann (1879), and Duhem {1891)
may bementioned. Noneof the carefully elaborated theories accoun 8
in detsil for the frets cbserved.

The relations of magnetism to light have inereased in importance
gince the fundamental discoveries of Faraday (1845) and of Verde:
(1854), and they have been specially enriched by the magnelo-optic
discoveries of Kerr {1876, ¢ seq.), of Kundt (1884, e seg.), and more
recently by the Zeemann effect (1897, of seq.). Among the theorie
put forth for the laster, the electronic explanation of Lorentz (1898
1899) and that of Voigt (1509) are supplementary or at least not con
tradictory. The treatment of the Kerr effect has been systematized
by Drude (1892, 18¢3). The instantaneity of the rotational effect
was first shown by Bichat and Blondlot (1882), and this result has
since been found useful in chronography. Shelden demonstrated
the possibility of reversing the Faraday effect. Finally terrestrial
maugnetism was revolutionized and made accessible to absolute meas~
urement by Geuss (1833), and his method served Weber (1540, e
sey.) #ad his successors as & model for the definition of absolute units
throughout physics. Another equally important contribution from
the same great thinker (1840) is the elaborate treatment of the dis-
tribution of terrestrial magnetism, the computations of which have
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been twice modernized, in the last instance by Neumeyer Cwmcv.
Magnetometrie methods have advanced but little m.:z.o the time of
QGauss (1883), and Weber's (1853) earth inductor remains & standard
instrument of research. Observationally, the development of eycles
of variation in the earth's constants i Jocked forward to with enger-
ness, and will probably bear on an adequate theory of terrestrial
magnetism, yet to be framed. Arrheniug :88. accentuates .&.a
importance of the solar cathode torrent in its bearing on the earth's
megnetic phenoment.
Electromegnetism

Electromagnetism, considered either in theory or in :..u. applica-
tions, is, perhaps, the most conspicuous ereation of the nineteenth
century. Beginning with Oersted’s great discovery of 1820, arua
quantitative measurements of Biot and Savart (1820) and H.oE»S s
(1521) law followed in quick succession. Ampére (1820) without
deley propounded his famous theory of magnetism. ,._".Aw« many Yesrs
the maous wae conveniently subserved by Ampbre’s swiminer Cw.ucw.
though his functions have since advantageously yielded to Fleming's
hand rule for moving current elements. The induction produced by
ellipeoidal coils or the derivative cases is fully understood. ?. prac-
tice the rule for the magnetic cireuit devised by the Hopkinsons
(1886) is in general uze. It may be regarded a8 & terse Summary of
the theories of Euler (1780), Faraday, Maxwell, and perticularly
Kelvin (1872), who already made explicit use of it. Nevertheless,
the clear-gut practicel interpretation of the present day had to be
graduelly worked out by Rowland (1873, 1884), Bosanquet (1883
83), Kapp {1883), and Pisati (1890).

The construction of elementary mofors was taken up by Ferada)
(1821), Ampére (1822), Barlow (1822), and others, E&. they wer
treated rather as laboratory curiogities; for it was not until 1857 tha
Sjemens devised his shuttle-wound armature, and the developmen
of the motor thereaiter went pari passu with the dynemo, to be pre
gently considered. It culminated in a new principle in 1888, .15_
Ferreris, snd somewhat later Tesla (1888) and Borel (1888), .5:6
duced polyphase transmission and the more practical realization o
Arago’s rotating magnetic field (1824). .

Theoretical electromagnetics, after a period of quiescence, Wa
again enriched by the dizcovery of the Hall effect (1879, ef u@.v. whie
at once elicited wide and vigorous discussion, and for which Row
land {1880), Lorentz (1883}, Boltzmann (1888), and others v,.:. fo!
ward theoyies of continually inereasing finish. Nernst and v. Etting
hausen (1836, 1887) afterwards added the tharmomagnetic effect.

' Dr. L. A, Bauer kindly called my atéention to {he more Tecent work of .
ma.._.wn_. sammarized in Uw. Bauer's own admirable paper.
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Elecirodynamics

The discovery and interpretation of electrodynamic phenomena
were the burden of the unigue researches of Ampeére (1820, ef aeg.,
Memoir, 1828). Not until 1848, however, were Ampdre’s results
eritically tested. This examination carne with great originality from
Weber using the bifilar dynamometer of his own invention. Grass-
mann (1845), Maxwell (1873), and others have invented elementsry
laws differing from Ampére's; but as Stefan (1869) showed that an
indefinite number of such laws might be constructed to meet the
given integral conditions, the original law is naturally preferred,

I'nduction

Faraday (1831, 1832) did not put forward the epoch-making dis-
covery of electrokinetic induetion in quantitative form, as the great
physicist was insufficiently familiar with Ohm’s law. Lents, how-
ever, goon supplied the requisite interpretation in a series of papers
(1833, 1835) which contsin his well-known law both for the mutual
inductions of circuits and of magnets and cirenits. Lentz clearly
announced that the induced quantity ig an eleciromotive foree, in-
dependent of the diameter and metal and varying, cacleris paribus,
with the number of spires, The mutual induction of circuits was
first carefully studied by Weber (1846), later by Filici (1852), using
& zero method, and Faraday’s self-induction by Edlund (1849),
while Matteuei (1854) attested the independence of induction of the
interposed non-mognetic madium, Henry (1842} demonstrated the
successive induction of induced eurrents.

Curiously enough the occurrence of eddy currents in massive con-
ductors moving in the magnetic field was announced from a differ-
ent point of view by Arsgo (1824-28) long before Faraday’s great
discovery. They were but vaguely understood, however, until Fou-
cault {1855) made hiz investigation. The general problem of the
induction to be anticipated in massive conductor is one of great
interest, and Helmholts (1870), Kirchhoff (1891), Maxwell (1873),
Hertz (1880), and others have trested it for different geometricsl
figures.

The rigorous expression of the law of induction was first ob-
tained by F. Neumann (1845, 1847) on the bazis of Lents's lew, both
for circuits and for magnets. W. Weber (1846) deduced the law of
induction from his generalized law of sttraction. More accepiably,
however, Helmholtz (1847), and shortly efter him Kelvin (1848),
showed the law of induction to be a necessary consequence of the
law of the conservation of energy, of Ohm's and Joule's law. In
1851 Helmholtz treated the induction in branched circuits. TFinelly
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Faraday's  electrotonie state” was mathematically interprefed
thirty years later, by Maxwell, and to-day, under the name on.. elec-
tromagnetic momentun, it is being translated into the notation of
the electronic theory. ; :

Many physicists, following the fundemental equation of 70:5;.::
(1845, 1847), have developed the treatment of mutuel end self in-
duction with specizl reference to experimental measurement,

On the practical side the magneto-inductor may be traced back
to d’el Negro (1832) and to Pixii (1832). The tremendous n.*o,.au.
opment of induction electric machinery which followed the intro-
duction of Siemeng’s (1857) srmature can only be instanced., In 1867
Siemens, improving upon Wilde (1868), designed electric generators
without permsnent magneis. Pacinotti (1860) and later Gramme
(1871) invented the ring armature, while von Hefner-Alteneck (1872)
and others improved the drum armature. Thereafter further progress

s rapid.
s.wHo wa a different direction in connection with the Ferraris (1888)
motor by the development of the induction 3.: of the laboratory
(Faraday, 1831; Neef, 1839; Ruhmkoff, 1833) into :5. transformer
{Gaulard and Gibbe, 1882-84) of the arts. Among special apparatus
Hughes (1879) contributed the induction balenece, and Tesla Cmm.n. )
the high frequency transformer. The Elihu Thompson effect (1887)
has also been variously usad.

In 1860 Reiss devised o telephone, in & form, however, not at once
capable of practical development. Bell in 1875 invented a different
instrument which needed only the microphone (1878) of Hughes
and others to introduce it permanently into the arts, Om va::.é.
lar importence in ite bearing on telegraphy, long aﬁoewsa with
the names of Gauss and Weber (1833) or practically with Morse
and Vail (1837), is the theory of conduction with digtributed capac-
ity and inductance established by Kelvin (1858) and extended by
Kirchhoff (1857). The working success of the Atlentic cable demon-

strated the acumen of the guiding physicist,

Electric Oscillation

The subject of electric oscillation announced in & remarkable paper
of Henry in 1842 and threshed out in its main features v.,.. Kelvin
in 1856, followed by Kirchhofi’s treatment of the ﬂwumgnm&ou. of
oscillations elong & wire (1857}, has become of discriminating im-
portance between Maxwell's theory of the electric field and ...ro
other equally profound theories of an earlier date. These crucial
experiments contributed by Hertz (1887, ef 8¢q.) .a,oﬂoa :So. a_am.
tromagnetic waves move with the velocity of _.w.rr and like it
are capable of being reflected, refracted, brought to interference, and






