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CONSIDERATIONS CONCERNING THE FUNDAMENTS OF
THEORETICAL PHYSICS' |

By Dr. ALBERT EINSTEIN
INSTITUTE FOR ADVANCED STUDY, PRINCETON, . J.

BLIENGE i3 the attempt to make the chaotie diversity
_of our sense-experience eorrespond to a logiecally uni-
farm system of thonght. In this system single ex-
periences mmst he correlated with the theoretic strue-
ture in sueh a way that the vesulting coordination is
unique and eonvineing. _

The sense-experiences are the given subject-matter.
‘But the theory that shall intervret them is man-made.
Tt is the result of an extremely laborious process of
adaptation: hypothetical, never completely final,
always subject to question and donbt.

The secientific way of forming eoncepts differs from

1 Address before the Eighth Ameriean Selentifie Con-
greas, Washington, D, ,, May 15, 1940,

that which we use in our daily life, not basically, but
merely in the more precise definition of econcepts and
conclusions; more painstaking and systematie choice
of experimental materia); and greater logical economy.
By this last we mean the effort to reduce all concepts
and carrelations to as few as possible logieally inde-
pendent hasic concepts and axioms.

What we call physies comprises that group of natu-
ral seiences which base their concepts on measure-
ments; and whose coneepts and propositions lend
themselves to mathematical formulation. Tts realm is
aceordingly defined as that part of the sum total of
our knowledge which is capable of heing expressed in’
mathematical terms. 'With the progress of seience, the
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realm of physies has so expanded that it seems to he
limited only by the limitations of the method itself,

The larger part of physical research is devoted to
the development of the wvarions branches of physies,
in each of which the objeet is the theoretical under-
standing of more or less restricted flelds of experience,
and in each of which the laws and concepts remain as
clogely a8 possible related to experience. It is this
department of science, with ifs ever-growing speciali-
zation, which has revolutionized practical life in the
last centuries, and given birth to the possibility that
man may at last be freed from the burdsn of physieal
toil. :

On the other hand, from the very beginning there
hag always been present the aftempt to find a unifying
theoretical basis for all these single sciences, eonsisting
of a minimum of concepts and fundamental relation-
ships, from which all the ecneepts and relationships of
the single disciplines might be derived hy logical proe-
ess. This is what we mean hy the search for a foun-
dation of the whole of physics. The confident helief
that this ultimate goal may be reached is the chief
source of the passionate devotion which has always
animated the researeher, - It ig in this sense that the
following ohservations are devoted to the foundations
of physies.

From what has been said it is clear that the word
foundations in thig eonnection does not mean something
analogons in all respeets to the foundations of a build-
ing. Logically considered, of course, the various single
laws of physies rest upon this foundation. But
whereas a building may he seriously damaged hy s
heavy starm or spring fload, yet its foundations remain
intaet, in seience the logical foundation is always in
greater peril from new experiences or new knowledge
than are the hranch disciplines with their closer ex-
perimental contacts. In the connection of the fonnda-
tion with all the single parts lies its great significance,
buf likewise its greatest danger in face of any new
factor. When we realize this, we arve led to wonder
why the go-ealled revolufionary epochs of the science
of physies have not more often and move completely
changed ifs foundafion than has actually been the case.

The first attempt to lay a uniform theoretical foun-
dation wag the work of Newton. In his system every-
thing is reduced to the following concepts: (L) Mass
points with invariable mass; (2) action at a distance
hetween any pair of mass points; {3} law of motion
for the mass point. There was not, strictly speaking,
any all-emhracing foundation, hecause an explicit law
wa3 formnlated only for fthe actions-at-a-distanee of
gravitation; while for other actions-at-a-distance noth-
ing wag established a priori except the law of equality
of actio and reactio. Moreover, Newton himself fully
“realized that time and space were egsential elements, as
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physieally effective factors, of his system, if only hy
implication,

This Newtonian basis proved eminently fruitful and
was regarded as final up to the end of the nineteenth
century. It not only gave resulis for the movements
of the heavenly bodies, down to the most minute de-
tails, but also furnished a theory of the mechanics of
diserete and coniinuous masses, 2 simple explanation
of the prineciple of the conservation of energy and a
complete and brilliant theory of heat. The explana-
tion of the faets of electrodynamics within the New-
Tonian system was more foreed; least convineing of all,
from the very beginning, was the theory of light.

It is not surprising that Newton would not listen to
a wave theory of light; for such a theory was most
unsuited to his theovetical foundation, The assump-
tion that space was filled with a wedium consisting of
material points that propagated light waves without
exhibiting any other mechanieal properties must have
seemed to him. quite artificial. The strongest empirieal
arguments for the wave nature of light, fixed speeds
of propagation, interference, diffraction, polarization,
were either unknown or else not known in any well-
ordered synthesis, He was justified in sticking to his
corpuscular theory of light.

During the ninefeenth century the dispute was
zettled in favor of the wave theory. Yeb no serious
doubt of the mechanieal foundation of physies arose,
in the first place because nobody knew where to find a
foundation of another sort. Only slowly, under the
irresistible pressure of facts, there develaped a new
foundation of physics, fleld-physies,

From Newton’s time on, the theory of action-at-a-
distance was constantly found artificial. HEfforts were
not lacking to explain gravitation by a kinetic theory,
that is, on the hasis of collision forees of hypothetical
mass particles, But the atiempts were superficial and
bore no fruit. The strange part played by space (or
the inertial system) within the mechanical foundation
was also elearly recognized, and eriticized with especial
clarity by Ernst Mach.

The great change was brought ahout hy Faraday,
Maxwe]l and Heriz—as a matter of fact balf-uncon-
scionsly and against their will. All three of them,
throughout their lives, considered themselves adherents
of the mechanical theory. Hertz had found the
simplest form of the equations of the electromagnetic
field, and declared that any theory leading to these
equations was Maxwellian theory. Yetf toward the end
of his short life he wrote a paper in which he pre-’
sented as the foundation of physies a mechanical theory
Treed from the force-concept.

For us, who took in Faraday's ideas so to speak
with our mother’s milk, it is hard to appreciate their
greatness and audacify. Faraday must have grasped
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with unerring instinet the artificial natore of all at-
tempts to refer electromagnetic phenomena to actions-
at-a-distance hetween electric particles reacting on each
other. How was each single iron filing among a lot
scattered on a piece of paper to Imow of the single
electric particles rohning round in a nearby condue-
tor? All these electric particles together seemed to
ereate in the smrrounding space a econdition which in
turn produced a certain order in the filings. These
spatial states, to-day called flelds, if their geometrical
structure and interdependent action were once rightly
grasped, would, he was convineed, furnish the elue fo
the mysterious electromagnetic interactions., He con-
ceived these fields as states of mechanical stress in a
space-filling medium, similar to the states of stress in
an elagtically distended hody. For at that time this
was the only way one conld conceive of states that
were apparently continuously distributed in space.
The peculiar type of mechanical interpretation of these
fields remained in the bhaclground—a sort of placation
of the scientific conzcience in view of the mechanical
tradition of Faraday’s time. With the help of these
new fleld concepts Faraday suceeeded in forming a
qualitative cancept of the whole complex of electro-
magnetic effects discovered by him and his predeces-
sors. The precise formulation of the time-gpace laws
of those flalds was the work of Maxwell. Iimpagine his
feelings when the differential equations he had formn-
lated proved to him that electromagnetic fields spread
in the form of polarized waves and with the speed of
light! To few men in the world has such an experience
heen vonchsafed. At that thrilling moment he surely
naver guessed that the riddling nature of light, appar-
ently so eampletely salved, wauld continue fo hafle
sneceeding generations. Meantime, it took physieists
sone decades ta grasp the full significance of Maxwell’s
diseovery, so bold was the leap that his genius foreed
upaon the coneeptions of his fellow-workers, Only after
Hertz had demonstrated experimentally the existence
of Maxwell’s electromagnetic waves, did resistance to
the new theory hreak down.

But if the electromagnetic field could exist 23 &
wave independent of the material source, them the
electrostatic Interaction could no longer he explained
as action-at-a-distance. And what was true for elee-
trical action could not be denied for gravitation,
Everywhere Newton’s actions-at-a-distance gave way
to flelds spreading with finite veloeity.

0f Newton's foundation there now remained only
the material mass points subject to the law of motion.
Buf J. J. Thomson painted out that an electrically
charged hody in motion must, according to Maxwell's
theory, possess a magnetic field whose energy acted
precisely as does an inerease of kinetic energy to the
bhody. If, then, a part of kinetic energy consists of
field energy, might that not then be true of the whols
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of the Linetic energy? Perhaps the hasic property of
mattex, its inertia, could be explained within the field
theory? The question led to the problem of an inter-
pretation of mafiter in ferms of field theory, the solution
of which would furnish an explanation of the atomic
structure of matter. It wag soon realized that Max-
well’s theory eould not accomplish sueh a program.
Since then many selentists have zealonsly sought to
complete the fleld theory by some generalization that
should comprise a theory of matter; hut so far snch
efforts have not heen crowned with suceess. In order
to eonstruet a theory, it is not enough to have a clear
conception of the goal. One must also have a formal
point of view which will sufficiently restriet the un-
limited variety of possibilities. So far this has not
been found; aceordingly the fleld theory has not sue-
ceeded in furnishing a foundation for the whole of
physics. .

For several decades most physicists clung to the con-
vietion that a mechanical substructure would be found
for Mazwell’s theory. But the unsatisfactory results
of their efforts led to gradual acceptance of the new
flald eoncepts as irreducible fundamentals—in other
words, physicists resigned themselves o giving up the
idea of a mechanical foundation.

Thug physicists held to a field-theory program. Bmt
it eould not be called a foundation, since nobody could
tell whether a consistent field theory could ever explain
on the one hand gravitation, on the other hand the
elementary components of matter. In this state of
affairs it was necessary to think of material particles
as mass points subject to Newton’s laws of mation.
This was the procedure of Lorentz in creating his
electron theory and the theory of the electromagnetic
phenomena of moving bodies. '

Such was the point at which fundamental eoncep-
tions had arrived at the turn of the century. Immense
progress was made in the theoretical penetration and
understanding of whale groups of new phenomena;
but the establishmenf of 2z unified foundation for
physies seemed remote indeed. And this state of
things has even been aggravated hy subsequent devel-
opments. The development during the present eentury
is characterized hy twa theoretical systems essentially
independent of each other: the theory of relativity and
the quantum theory. The twa systems do not directly
confradiet each ather; hut they seem little adapted to
fusion into one vnifled theory. We must briefly discuss
the hasic idea of these two systems,

The theory of relativity arase out of efforts fo im-
prove, with reference to logical economy, the founda-
tion of physies as it existed at the turn of the eentury.
The so-called special or restricted relativity theory is
based on the fact that Maxwell's equations (and thus
the law of propagation of light in empty space) are
converted into equations of the same form, when they
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undergo Lorentz transformation. This formal prop-
erty of the Maxwell equations is supplemented by our
fairly secure empirical knowledge that the laws of
physies are the same with respeet o all inertial sys-
tems.
formation—applied to space and time eoordinates—
mmnst govern the transition from one inertial system to
any other. The content of the resiricted relativity
theory can accordingly he summarized in one sentence:
all natural laws must be so conditioned that they are
covariant with respect to Lorentz transformations.
From this it follows that the simulianeity of two dis-
tant events is not an invariant coneept and that the
dimensions of rigid hodies and the speed of elocks
depend upon their state of motion. A further con-
gequence was a modification of Newton’s law of motion
in eases where the speed of a given body was not small
compared with the speed of light. There followed also
the principle of the equivalenee of mass and energy,
with the laws of congervation of mass and energy
hecoming one and the same. Onece it was shawn that
simultaneity was relative and depended on the frame
of reference, every possibility of retaining actions-at-a-
distanee within the foundation of physies disappeared,
since that coneept presupposed the abselute character
of simultaneity (it must he possible to state the Loca-
tion of the two interacting mass points “at the same
fima}. _

The general theory of relativity owes its origin to
the attempt to explain a fact known sinee Galileo’s and
Newton’s time but hitherto eluding all theoretical inter-
pretation: the inerfia and the weight of a body, in
themselves two entirely distinet things, are measured
by one and the same constant, the mass, From this
correspondence follows that it is impossible to disecover
by experiment whether a given system of coordinates
is accelerated, or whether its motion is straight and
uniform and the observed effects are due to a gravita-
tional fleld (this is the equivalence principle of the
general relativity theory), Tt shatters the concepts of
the inertial system, as soon as gravitation enters in. - It
may be remarked here that the inertial system is a
weak point of the Galilean-Newtonian mechanies, For
there is presupposed a mysterious property of physical
space, conditioning the kind of eoordination-systems
for which the law of inertia and the Newtonian law of
motion hold good. _

These diffienlties can be avoided hy the following
postulate : natural laws are to be formulated in such
way that their form is identical for eaordinate systems
of any kind of states of motlon. To aceomplish this
is the task of the general theory of relativity. On the
other hand, we deduce from the restricted theary the
existence of a Riemannian mefrie within the time-space
continuum, which, aecording fo the equivalenee prin-
¢iple, describes hoth the gravitational fleld and the
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metric properties of space. Assuming that the field
equafions of gravitation are of the second differentisl
arder, the fleld law ig clearly determined.

Aside from this result, the theory frees field physies
from the disahility it suffered from, in ecommon with
the Newlonian mechanies, of aseribing to space those
independent physieal properties which heretofore had
been concealed by the use of an inertial system. But
it can not be claimed that thoge parts of the general
relativity theory which can to-day he regarded as final
have furnished physies with a complete and satisfae-
tory foundation. In the first place, the total fleld
appears in it to he composed of two logieally uneon-
nected parts, the gravitational and the electromagnetic,
And in the second place, this theory, like the eaxlier
field theories, has not up fill now supplied an explana-
tion of the atomistie strueture of matter. This failure
hag probably some ¢onnection with the faet that so far
it has eontributed nothing to the understanding of
¢quantum phenomena, To take in these phenomena,
physicists have been driven to the adoption of entirely
naw methods, the bhasie characteristics of which we shall
now diseuss.

In the year ninefeen hundred, in the course of a
purely theoretic investigation, Max Planek made 2 very
remarkable discovery: the law of radiation of hodies
as a function of femperature conld not he derived -
solely from the laws of Maxwellian electrodynamics.
To arrive at results consistent with the relevant experi-
ments, radiation of a given frequency had to he treated
as thongh it consisted of energy atoms of the individual
energy h.v, where h is Planelk’s universal consbant.
During the years following it was shown that light was
everywhere produced and ahsorbed in suech energy
guanta. In particular Niels Bohr wag able largely to
understand the strueture of the atom, on the assump-
tion that atoms can have only discrete energy values,
and that the diseontinnous transitions hetween them
are connected with the emission or absorption of such
an energy quantum. This threw same Hght on the fact
that in their gaseous state elements and their com-
pounds radiate and ahsorh only light of eertain sharply
defined frequencies. All this was quife inexplicable
within the frame of the hitherto existing theories. It
was eleay that at least in the field of atomistie phe-
nomena the charvacter of everything that happens is
determined by diserete states and by apparently dis-
continuous transitions between them, Planck’s sonstant
h playing 2 decisive role.

The next step was taken by De Broglie. THe asked
himself how the discrete states could he understood by
the aid of the cuorrent coneepts, and hit on a parallel
with stationary waves, as for instance in the case of
the proper frequencies of organ pipes and strings in
acousties. Tiue, wave actions of the kind here re-
quired were unknown; hut they could he constructed,
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and their mathematical laws formulated, employing
Planek’s constant h. De Broglie conceived an electron
revolving about the atomic nucleus as being connected
with sueh a hypothetical wave frain, and made intel-
ligible to some extent the discrete character of Bohr's
“permitied” paths by the stationary character of the
corresponding waves,

Now in machanies the motion of material points is
determined by the forees or fields of force acting upon
them. Hence it waa to be expected that those flelds of
force would also influence De Broglie’s wave fields in
an analogous way. Erwin Schroedinger showed how
this inflyetice was to be taken into geeount, re-infer-
preting by an ingenious method certain formulations
of classical mechanics. He even succeeded in expand-
ing the wave mechanical theory to a point where with-
ouf the introduction of any additional hypotheses, it
beeame applicable to any mechanieal system consisting
of an arbitrary number of masg paints, that is to say
possessing an arbitrary number of degrees of freedom.
This was possible because a mechanical system consist-
ing of n mass points is mathematically equivalent to a
cansiderahle degree, to one single mass point maoving
in a space of 3 n dimensions.

On the basis of this theory there was obtained a
surprisingly good representation of an immense variety
of facts which otherwise appeared enfirely incompre-
hensible. But on ane poini, curiously enough, there
wag failure: it proved impossible to associate with
these Schroedinger waves definite motions of the mass
points—and that, after all, had been the original por-
pose of the whole construetion.

The diffieulty appeared insurmountable, until it was
avercome by Born in a way as simple as it was unex-
pected. The De Broglie-Schroedinger wave flelds were
not ta he interpreted as a mathematical deseription of
how an event actually takes place in time and space,
though, of course, they have reference to such an event.
Rather they are a mathematical deseription of what
we can actually know about the system. They serve
only to make statistical statements and predietions of
the results of all measurements which we can carry out
upon the system. )

Let me jllustrate these general features of guantum
mechanics by means of a simple example: we shall
consider a mass point kept ingide a restricted region G
by forees of finite strength. If the kinetic energy of
the mass point is helow a cerfain limif, then the mass
poinf, according to classieal mechanics, can never leave
the region G. DBut aceording to quantum mechanies,
the masgs point, after a period not immediately pre-
dictable, is abla ta leave the region G, in an unprediet-
ahla direetion, and escape into surrounding space. This
case, according to Gamow, is a simplified model of
radicactive disintegration.
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The quantum theoretical treatment of this case is as
follows: at the time t, we have a Schroedinger wave

‘system entirely inside G- But from the fime t, on-

wards, the waves leave the interior of & in all directions,
in sueh a way that the amplitude of the outgoing wave
is small compared to the initial amplitude of the wave
system inside G. The further these outside waves
spread, the maore the amplitude of the waves inside &
diminishes, and correspondingly the intensity of the
later waves issuing from G. Only after infinite time
has passed ia the wave supply inside G exzhausted,
while the outside wave hag spread over an ever-increas-
ing space.

But what has this wave process to do with the first
ahject of gur interest, the particle oxiginally enclosed
in G? To answer this question, we must Imagine some
arrangement which will permit us to earry out measure-
ments on the particle. For instance, let us imagine
gomewhare In the surrounding space a screen so made
that the partiele stickz to it on ecoming into contact
with it. Then from the intensify of the waves hitting
the sereen at some point, we draw conclusions as to
the probability of the partiele hitting the sereen there
at that time. As soon a3 the particle has hit any
particilar point of the sereen, the whole wave field
loges all its physiecal meaning; its only purpose was
to make probability predictions as te the place and
time of the particle hitting the sereen {or, for in-
stanee, its momentum at the time when if hits the
gereen ).

All other cases are analogous. The alm of the theory
is to determine the probability of the results of mea-
surement upan a system at a given time. On the
other hand, it makes no atterapt fo give a mathematical
representation of what is actually present or goes on
in space and time. On this point the quantum theory
of to-day differs fundamentally from all previons theo-
ties of physies, mechanistic as well as fle]d thearies.
Instead of a model description of acteal space-time
events, it gives the prabability distributions for pos-
gible measurements as funetions of time.

It must be admitted that the new theoretical eon-
ception owes itz origin not to any fAight of faney hut
ta the ecompelling force of the facts of experience. All
aftempts to represent the partiecle and wave features
displayed in the phenomena of light and matter, by
dirvect eourse to a space-time model, have so far ended
in faflure. And Heisenberg has canvineingly shown,
from an empirical point of view, any decizsion as to a
rigorously deterministic structure of nature is definitely
ruled out, hecause of the atomistic strueture of onr
experimental apparatus. Thus it is probably out of
the guestion that any future knowledge ean compel
physies again to relinguish our present statistieal
theoretical foundation in faver of a deterministic one
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which would deal directly with physical reality. TLogi-
eally the problem seems to offer two possihilities, be-

tween which we are in principle given a cholce. In’

the end the choice will be made agecrding to which kind
of deseription yields the formulation of the simplest
foundation, logically spesking. At the present, we
are quite without any deterministic theory directly de-
seribing the events themselves and in consonance with
the facts.

For the time being, we have to admit that we do not
possess any general theoretical hasis for physies, which
can be regarded as its logical foundation. The field
theory, so far, hag failed in the molecular sphere. Tt
is agreed on all hands that the only prineiple which
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could serve as the hasis of quantum theory would be
one that constituted a translation of the field theory
into the scheme of quantum statistics. Whether this
will actually come about in a satisfactory manner,
nobody can venfure to say.

Bame physicists, among them myself, can not helieve
that we must abandon, actually and forever, the idea
of direct represenfation of physical raslity in space
and time; or that we must accept the view that events
in nature are analogous fo a game of chance. It is
open to every man to choose the direction of his strlv-
ing; and also every man may draw comfort from
Lessing's fine saying, that the search for truth is more
precious than its possession.

A COMPLEX VACCINE EFFECTIVE AGAINST DIFFERENT
STRAINS OF INFLUENZA VIRUS

By Dr. FRANK L. HORSFALL, Jr, and Dr, EDWIN H. LENNETTE
LABORATORIES OF THE INTERMATIONAL HEALTH DIVISION, THE ROCKEFELLER FOUNDATION, NEW YORK

Ix November, 1839, during the course of cerfain
experiments, fonr normal ferrets were inoculated intra-
nasally with a strain of epidemic influenza virus oh-
tained during a 1939 epidemie! These ferrets devel-
aped typical symptoms of experimental inflnenza, hut
during convalescence, unexpectedly they began to mani-
fest evidences of a distemper-like infection, and suhb-
sequently one died. On the eleventh day after the
original inoculation the remaining 3 gick animals were
killed. To prevent the spread of the epizootic in the
normal ferret colohy, a vaecine was prepared from a
suspension of the lungs and spleens of these ferrets
and was inactivated by the addition of 1:1000 for-
maldehyde and stored at 4° €. Similar vaceeines had
been found effective in preventing the spread of fervet
distemper on previous oecasions.

After inactivation in the icebox for 6 to 10 days, 2 ce
of this vaceine was injected subeutaneously into each
of 157 normal ferrets. Two days after the vaccination,
gronps of these animals were inoculated infranasally
with the PR8, W.8,, or 399 strains of inflnenza wvirus.
To our great surprise, none of the inoenlated ferrets
developed experimental influenza. Serum ohtained 4
days after vaceination from ferrets which had not heen
inoculated with influenga virus neutralized hoth the
PR8 and W.S. strains in high dilutions. Serom taken
from a number of ferrets prior to vaceination possessed
no neutralizing antibodies. These very unexpected
findings suggested fthat the injection of the so-called
distemper vaccine had resulted in an inadvertent im-
munization of almost all the normal ferrvets in the
laboratory against influenza virus.

1T, L. Horsfall, Jr, R. G. Hahn and E. R. Rickard,
Jour. Clin. Tnvest,, 19: 379, 1940,

Sinee this vaceine had heen inactivated with for-
maldehyde and because it appeared to have produeed
a mueh broader immunity than resulted from an actual
infeetion with the influenza virng? it seemed of impor-
tance to study this phenomenon more thoroughly. One
group of vaceinated ferrefs was held for repeated
bleedings in order to determine the persistence of anti-
hodies after vaccination. Another group was held for
active immunity tests at different intervals following
vaccination. - :

‘At variong intervals during the first 3 monthg after
vaccination sera were obtained from the first group
consisting of 15 animals. The neutralizing capacities
of the gera from each ferref were determined, and the
results are shown graphically in Fig. 1. For purposes
of comparison, the results of similar tests on multiple
sera from a group of 16 ferrets convaleseent from
experimental influenga are also shown, The sera from
both groups of ferrets were tested against the PRS
sfrain, ‘sinee an indication of the extent and the dura-
tion of heterologous strain immunity was desired. Line
I connects the mean neutralizing eapacities of sera
obtained from the 15 ferrets at various intervals after
vaceination. Line II connects similar values for sera
obtained from certain of 18 ferrets at various periods
during convalesecence from experimental influenza. It
will be noted that the serum of vaecinated ferrets pos-
sessed almost as much antihody as that of the con-
valeseent animals during the first month. During the
second and third months the antibody titers of the
convaleseent ferrets’ sera decreased rapidly, whereas
the titers of the sera from the vaccinated ferrefs re-

2 F. L. Horsfall, Jr. and E. H. Lennette, Jour. Bact.,
39: 56, 1940.





