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Newtonianism, reductionism and the art
of congressional testimony

Earlier this year, at the University of Cambridge, Steven Weinberg gave a talk at the Tercentenary
Celebration of Newton’s Principia. This is what he said.

My TAaLK this afternoon will be about the
philosophy of science, rather than about
science itself. This is somewhat uncharac-
teristic for me, and, I suppose, for work-
ing scientists in general. I've heard the
remark (although I forget the source) that
the philosophy of science is just about as
useful to scientists as ornithology
is to birds.

However, at just this time a
question has arisen in the United
States that will affect the direc-
tion of physics research until well
into the twenty-first century, and
that T think hinges very largely
on a philosophical issue. On 30
January of this year the present
administration in Washington
announced that it had decided to
go ahead with the construction
of a large new accelerator for
elementary particle physics, the
Superconducting Supercollider,
or SSC for short. ‘Large’ in this
case means that its circumfer-
ence would be about 53 miles.
The circumference is deter-
mined by the necessity of accel-
erating protons to energies of
20 TeV (2 x 10" electron volt).
Within this ring there would
travel two counter-rotating
beams of protons, that would
slam into each other at a number
of intersection regions. The
intensity of the beams is de-
signed to be such that one would
have a collision rate of about one
per second for typical processes
(with a cross-section of a nano-
barn). All of these design
parameters lead to a bottom line para-
meter: the cost in 1986 dollars is estimated
to be 4,400 million dollars.

The chief reason for wanting to go
ahead with this accelerator is that it would
open up a new realm of high energy which
we have not yet been able to study. Just as
when astronomers start to study the sky at
a new wavelength, or when solid state
physicists go down another factor of ten in
temperature, every time particle accelera-
tors go up a factor of ten in energy we
discover exciting new physics. This has
generally been the rationale for new
accelerators. Occasionally, one can also

point to specific discoveries that can be
anticipated from a particular new accele-
rator. One example is provided by the
accelerator built in Berkeley over 30 years
ago, the Bevatron, which for the first time
was capable of producing particles with
masses of 1 GeV. (In those days American
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physicists talked about BeV instead of
GeV.) The Bevatron was designed to be
able to produce antiprotons, and indeed it
did so shortly after it went on the air. That
was not the only exciting thing done at that
accelerator. Quite unexpected was the
discovery of a vast forest of new mesonic
and baryonic states, that led to a change in
our conception of what we mean by an
elementary particle. But in planning the
Bevatron, it was nice to know in advance
that at least one important discovery could
be counted on.

The same is true now of the SSC. The
SSC is so designed so that it will discover
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the particle known as the Higgs boson,
provided that the Higgs boson is not too
heavy. If the Higgs boson is too heavy,
then the SSC will discover something else
equally interesting.

Let me explain these remarks further.
As many people may have heard, there
has been a certain measure of
unification among the forces of
nature. This unification entails
the idea that the symmetry
among the forces, specifically
the weak nuclear force and the
clectromagnetic force, is spon-
taneously broken. It can’t be
spontaneously broken by the
forces we know about, that is,
the ordinary strong and weak
nuclear forces and the electro-
magnetic force; therefore there
must be a new force in nature
which is responsible for the
symmetry breaking, like the
phonon exchange force in a
superconductor. We don’t know
exactly what that force is. The
simplest picture is that it has to
do with the existence of a new
kind of elementary scalar par-
ticle. The members of the multi-
plet of elementary scalar par-
ticles that would be observable
as physical particles are called
Higgs bosons.

Now, we are not sure that that
is actually the correct picture of
the mechanism for electroweak
symmetry breaking, and we
certainly do not know the mass
of the Higgs boson. The SSC
would be able to discover the
Higgs boson if its mass is not greater than
about 850 GeV, and, of course, if it exists.
However, the SSC (to borrow a phrase
from M. Chanowitz') is a no-lose propo-
sition, because if the Higgs boson does not
exist, or is heavier than 850 GeV, there
would have to be strong interactions
among longitudinally polarized W par-
ticles, which the SSC could also discover.
These strong interactions would reveal the
nature of the spontaneous symmetry
breaking betweeen the weak and the
electromagnetic interactions.

Now it remains for Congress to decide
whether or not to authorize construction
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of the accelerator and to appropriate the
money. Two committees of the two
houses of the Congress. the Committee on
Space. Science. and Technology of the
House of Representatives and the
Subcommittee on Energy Research and
Development of the Senate Committee on
Energy and Natural Resources, announ-
ced hearings on the SSC, both to begin on
7 April of this year. In March, about a
month before these hearings, I was asked
to testify at them. I may admit that I found
this more frightening than inviting. I had
been active for some time in working for
the building of the SSC, and all this time it
had been a nightmare of mine that I would
be called up before some tribunal, and
asked in a stern voice why it is worth 4.4
billion dollars to find the Higgs boson.
Also. I had testified in Congress only once
before. and I did not consider myself a
master of the art of congressional testi-
mony.

The particle physicists of the United
States are in fact quite united behind the
idea that this is the right accelerator to
build next. (As I said, its purpose is not
limited to finding the Higgs boson, which
is just one target, but. rather, it is to open
up a new range of energies.) But there has
been substantial opposition to the SSC
from other physicists in the United States.
I have read that this is perhaps the most
divisive issue that has ever faced Ameri-
can physicists’. I believe that in Britain
there is a similar debate — not about
building an SSC but about whether Britain
should remain in CERN, an issue on
which I gather not all British scientists
agree.

Heavyweights

I knew at the hearings in Washington
there would be two heavyweights who
would be testifying vigorously against
going ahead with the SSC. One would be
Philip Anderson, known to everyone as
among the leading condensed matter
physicists in the world. Anderson has over
many years opposed the large sums that
are spent on high energy physics. Another
to testify would be James Krumhansl, also
adistinguished solid state physicist. He, as
it happens, taught me physics whenIwasa
freshman at Cornell, but in addition, and
this I suspect counts for more, he is slated
the year after next to be the president of
the American Physical Society.

Both Anderson and Krumhansl I knew
would oppose the SSC, and they would be
making arguments with which I really
couldn’t disagree. In particular, 1
expected that they would argue that
money spent on elementary particle
physics, high energy physics, whatever
you want to call it, is not as sure to yield
immediate technological advances as the
same money spent on condensed matter
physics, and some other fields. I would
have to agree with that (though I would
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put more emphasis on the benefits of
unpredictable discoveries and spin-offs). I
expected that they would also argue that
elementary particle physics is not more
intellectually profound than other areas
of physics like, say, condensed matter
physics. I would also agree with that. In
fact, we’ve seen in the last few decades a
continual trading back and forth of ideas
between elementary particle physics and
condensed matter physics. We learned
about broken symmetry from them, they
learned about the renormalization group
from us. And now we’re all talking about
conformal quantum field theories in two
dimensions (I don’t now who learned that
from whom). But it is clear that there’s no
lack of mathematical profundity in con-
densed matter physics as compared with
elementary particle physics.

The case for spending large sums of
money on elementary particle physics has
to be made in a different way. It has to be
at least in part based on the idea that
particle physics (and here, parenthetic-
ally, I should say that under ‘particle
physics’ I include quantum field theory,
general relativity, and related areas of
astrophysics and cosmology) is in some
sense more fundamental than other areas
of physics. This was denied more or less
explicitly by Anderson and Krumhansl in
their testimony and also by most of the
opponents of the SSC. I didn’t see how I
could avoid this issue in making a case for
the SSC. But it’s a dangerous argument. It
tends to irritate one’s friends in other
areas of science. Let me give an example,
and here I will quote from myself because
then I want to quote some comments on
my own remarks.

In 1974, shortly after the standard
model was put into its final form with the
success of quantum chromodynamics, I
wrote an article® for Scientific American
called “Unified Theories of Elementary
Particle Interactions”. Just to get the art-
icle started I began it with some plati-
tudes, as follows: “One of man’s enduring
hopes has been to find a few simple
general laws that would explain why
nature with all its seeming complexity and
variety is the way it is. At the present
moment the closest we can come to a
unified view of nature is a description in
terms of elementary particles and their
mutual interactions”. I really didn’t intend
to make any important point by this; it was
just the sort of thing one says (as, for
instance, Einstein: “The supreme test of
the physicist is to arrive at those universal
elementary laws from which the cosmos
can be built up by pure deduction”). Then
a decade later 1 was asked by the MIT
Press to review a proposed book, a collec-
tion of articles by various scientists. In the
manuscript I found an article’ by a friend
of mine at Harvard, Ernst Mayr, who is
one of the most eminent evolutionary
biologists of our times. I found that Mayr
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cited the remarks in the Scientific American
article as “a horrible example of the way
physicists think”. He called me “an un-
compromising reductionist”.

Agreement

Now, I strongly suspect that there is no
real disagreement between Ernst Mayr
and myself, and that in fact we are simply
talking past each other, and we should try
to understand how we agree rather than
fight over this. I don’t consider myself an
uncompromising reductionist. I consider
myself a compromising reductionist. I
would like to try to formulate in what
way elementary particle physics is more
fundamental than other areas of physics,
trying to narrow this down in such a way
that we can all agree on it.

Let me first take up some of the things I
don’t mean. And here it is useful to look
back at some more of Ernst Mayr’s writ-
ing, because he is in fact the leading oppo-
nent of the reductionist tendency within
biology, as well as in science in general.
He wrote a book® in 1982, The Growth
of Biological Thought, that contains a
well-known attack on reductionism, and
so I looked at it to see what Mayr
thought reductionism was, and whether
or not I consider myself, in his terms, a
reductionist.

The first kind of reductionism that Mayr
opposes is called by him “theory reduc-
tionism”. As far as I can understand it, it’s
the notion that the other sciences will
eventually lose their autonomy and all be
absorbed into elementary particle physics;
they will all be seen as just branches of
elementary particle physics.

Now I certainly don’t believe that. Even
within physics itself, leaving aside biology,
we certainly don’t look forward to the
extinction of thermodynamics and hydro-
dynamics as separate sciences; we don’t
even imagine that they are going to be
reduced to molecular physics, much less to
elementary particle physics. After all,
even if you knew everything about water
molecules and you had a computer good
enough to follow how every molecule in a
glass of water moved in space, all you
would have would be a mountain of com-
puter tape. How in that mountain of com-
puter tape would you ever recognize the
properties that interest you about the
water, properties like vorticity, turbu-
lence, entropy and temperature?

There is in the philosophical literature a
term, emergence, that is used to describe
how, as one goes to higher and higher
levels of organization, new concepts
emerge that are needed to understand the
behaviour at that level. Anderson sum-
marized this neatly in the title of an inter-
esting article® in Science in 1972: “More is
Different”.

Another kind of reductionism is called
by Mayr “explanatory reductionism”. AsI
understand it, it is the idea that progress at
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the smallest level, say the level of elemen-
tary particle physics, is needed to make
progress in other sciences, like hydro-
dynamics, condensed matter physics and
so on.

I don’t believe that either. I think we
probably know all we need to know about
clementary particle physics for the pur-
poses of the solid state physicist, for
instance, and the biologist. Mayr in his
book makes a point that surprised me (but
I suppose it’s true; he knows a lot more
about this than I do), that even the dis-
covery of DNA was not really of much
value in the science of transmission genet-
ics. Mayr writes, “To be sure the chemical
nature of a number of black boxes in the
classical genetic theory were filled in by
the discovery of DNA, RNA, and others,
but this did not affect in any way the
nature of transmission genetics”.

I don’t disagree with any of this, but it
seems to me that in their attacks on reduc-
tionism, Mayr and also physicists like
Anderson, Krumhansl and others, are
missing the point. In fact, we all do have a
sense that there are different levels of
fundamentalness. For instance, even
Anderson’ calls DNA the “secret of life”.
We do have a feeling that DNA is funda-
mental to biology. It’s not that it’s needed
to explain transmission genetics, and it’s
certainly not needed to explain human
behaviour, but DNA is fundamental none-
theless. What is it then about the dis-
covery of DNA that was fundamental to
biology? And what is it about particle
physics that is fundamental to everything?

Having spoken at length about what I
don’t mean, now I want to say what I do
mean. But I’'m not trying here to say any-
thing new, that you don’t all already
know. What I'm trying to do is precisely
the opposite: to identify what we can all
agree on.

In all branches of science we try to dis-
cover generalizations about nature, and
having discovered them we always ask
why are they true. I don’t mean why we
believe they are true, but why they are
true. Why is nature that way? When we
answer this question the answer is always
found partly in contingencies, that is,
partly in just the nature of the problem
that we pose, but partly in other gener-
alizations. And so there is a sense of
direction in science, that some general-
izations are ‘explained’ by others.

To take an example relative to the ter-
centenary celebration of the Principia:
Kepler made generalizations about plane-
tary motion, Newton made generaliza-
tions about the force of gravity and the
laws of mechanics. There is no doubt that
historically Kepler came first and that
Newton, and also Halley and Wren and
others, derived the inverse square law of
gravity from Kepler’s laws. In formal
logic, since Kepler’s laws and Newton’s
laws are both true, either one can be said
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Hunting the Higgs — computer simulation of a proton-proton collision in the SSC. The picture is
taken from “To the Heart of Matter”, issued by the Universities Research Association.

to imply the other. (Atter all, in formal
logic the statement ‘A implies B’ just
means that it never happens that A is true
and B isn’t, but if A and B are both true
then you can say that A implies B and B
implies A.)

Intuition

Nevertheless, quite apart from formal
logic, and quite apart from history, we
intuitively understand that Newton’s laws
of motion and law of gravity are more
fundamental than Kepler’s laws of plane-
tary motion. I don’t know exactly what I
mean by that; presumably it has some-
thing to do with the greater generality of
Newton’s laws, but about this also it’s hard
to be precise. But we all know what we
mean when we say that Newton’s laws
‘explain’ Kepler’s. We probably could use
help from professional philosophers in
formulating exactly what that statement
means, but I do want to be clear thatitis a
statement about the way the Universe is,
not about the way physicists behave. In
the same way, even though new concepts
‘emerge’ when we deal with flvids or
many-body systems, we understand
perfectly well that hydrodynamics and
thermodynamics are what they are
because of the principles of microscopic
physics. No one thinks that the pheno-
mena of phase transitions and chaos (to
take two examples quoted by Krumhanst)
could have been understood on the basis
of atomic physics without creative new
scientific ideas, but does anyone doubt
that real materials exhibit these pheno-
mena because of the properties of the
particles of which the materials are
composed?

Another complication in trying to pin
down the elusive concept of ‘explanation’
is that very often the ‘explanations’ are
only in principle. If you know Newton’s
laws of motion and the inverse square law
of gravity you can deduce Kepler’s laws —
that’s not so hard. On the other hand, we
also would say that chemical behaviour,
the way molecules behave chemically, is
explained by quantum mechanics and
Coulomb’s law, but we don’t really deduce
chemical behaviour for very complex
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molecules that way. We can for simple
molecules; we can explain the way two
hydrogen atoms interact to form a hydro-
gen molecule by solving Schrédinger’s
equation, and these methods can be
extended to fairly large molecules, but we
can’t work out the chemical behaviour of
DNA by solving Schrédinger’s equation.
In this case we can at least fall back on the
remark that although we don’t in fact
calculate the chemical behaviour of such
complicated molecules from quantum
mechanics and Coulomb’s law, we could if
we wanted to. We have an algorithm, the
variational principle, which is capable of
allowing us to calculate anything in
chemistry as long as we had a big enough
computer and were willing to wait long
enough.

The meaning of ‘explanation’ is even
less clear in the case of nuclear behaviour.
No one knows how to calculate the spec-
trum of the iron nucleus, or the way the
uranium nucleus behaves when fissioning,
from quantum  chromodynamics. We
don’t even have an algorithm; even with
the biggest computer imaginable and all
the computer time you wanted, we would
not today know how to do such calculations.
Nevertheless, most of us are convinced
that quantum chromodynamics does
explain the way nuclei behave. We say it
explains it ‘in principle’, but I am not
really sure of what we mean by that.

Still, relying on this intuitive idea that
different scientific generalizations explain
others, we have a sense of direction in
science. There are arrows of scientific
explanation, that thread through the
space of all scientific generalizations.
Having discovered many of these arrows,
we can now look at the pattern that has
emerged, and we notice a remarkable
thing: perhaps the greatest scientific
discovery of all. These arrows seem to con-
verge to a common source! Start any-
where in science and, like an unpleasant
child, keep asking “Why?”. You will
eventually get down to the level of the
very small.

By the mid-1920s, the arrows of explan-
ation had been traced down to the level of
the quantum mechanics of electrons,
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photons, atomic nuclei and, standing
somewhat off in the corner, the classical
theory of gravity. By the 1970s we had
reached a deeper level — a quantum field
theory of quarks, leptons and gauge
bosons known as the standard model, and
with gravity still somewhat isolated,
described by a not very satisfactory
quantum field theory of gravitons. The
next step, many of us think, is the theory
of superstrings, still under development.
I myself, although a late-comer to this
field, confess my enthusiasm for it. I think
it provides our best hope of making the
next step beyond the standard model.

Objective reductionism

Now reductionism, as I've described it
in terms of the convergence of arrows of
explanation, is not a fact about scientific
programmes, but is a fact about nature. I
suppose if I had to give a name for it, I
could call it objective reductionism. It is
very far from a truism. In particular, these
arrows of explanation might have led to
many different sources. I think it’s
important to emphasize that, until very
recently, most scientists thought that that
was the case; this discovery, that the
arrows of explanation point down to a
common source, is quite new. (In a
comment on an earlier version of this talk,
Ernst Mayr informs me that what I call
‘objective reductionism’ is what he means
by ‘theory reductionism’. Maybe so, but I
prefer to keep the separate terms, because
I wish to emphasize that what I am talking
about here is not the future organization
of the human scientific enterprise, but an
order inherent in nature itself.)

To underscore this point, I'd like to
mention a few examples of the contrary
view surviving until well into the twentieth
century. The first is biological vitalism,
the idea that the usual rules of physics and
chemistry need to be modified when
applied to living organisms. One might
have thought that this idea would have
been killed off by the rise of organic
chemistry and evolutionary biology in the
nineteenth century. However, Max Perutz
in his talk at the Schrodinger centenary in
London in April reminded us that both
Niels Bohr and Erwin Schrédinger
believed that the laws of physics as then
understood in the 1920s and 1930s were
inadequate for understanding life". Perutz
explains that the problem of the order-
liness of life that bothered Schrodinger
was cleared up by advances in the under-
standing of enzymatic catalysis. Ernst
Mayr was careful in his book to disavow
any lingering attachment to vitalism, as
follows: “Every biologist is fully aware of
the fact that molecular biology has
demonstrated decisively that all processes
in living organisms can be explained in
terms of physics and chemistry”. (Mayr,
by the way, is using the word ‘explained’ in
exactly the same sense as I am here.)

A second example. Lord Kelvin, in a
speech to the British Association for the
Advancement of Science, around 1900,
said’, “There is nothing new to be dis-
covered in physics now. All that remains is
more and more precise measurement”.
There is a similar remark of Michelson’s
that is often quoted”. These remarks of
Kelvin’s and Michelson’s are usually cited
as examples of scientific arrogance and
blindness, but I think this is based on a
wrong interpretation of what Kelvin and
Michelson meant. The reason that Kelvin
and Michelson made these remarkable
statements is, I would guess, that they had
a very narrow idea of what physics was.
According to their idea, the subject
matter of physics is motion, electricity,
magnetism, light and heat, but not much
else. They felt that that kind of physics was
coming to an end, and in a sense it really
was. Kelvin could not possibly have
thought in 1900 that physics had already
explained chemical behaviour. He didn’t
think so, but he also didn’t think that was a
task for physics. He thought that physics
and chemistry were sciences on the same
level of fundamentalness. We don’t think
that way today, but it isn’t long ago that
physicists did think that way.

I said that these arrows of explanation
could have led down to a number of
separate sciences. They also could have
gone around in a circle. This is still a pos-
sibility. There is an idea that’s not quite
dead among physicists and cosmologists,
the ‘anthropic principle’, according to
which there are constants of nature whose
value is inexplicable except through the
observation that if the constants had
values other than what they have the Uni-
verse would be so different that scientists
would not be there to ask their questions.
If the anthropic principle were true, there
would be a kind of circularity built into
nature, and one would then I suppose
have to say that there is no one fundamen-
tal level — that the arrows of explanation
go round in circles. I think most physicists
would regard the anthropic principle as a
disappointing last resort to fall back on
only if we persistently fail to explain the
constants of nature and the other proper-
ties of nature in a purely microscopic way.
We’'ll just have to see.

Now although what I have called objec-
tive reductionism became part of the
general scientific understanding only
relatively recently (after the development
of quantum mechanics in the 1920s), its
roots can be traced back to Newton (who
else?). Newton was the first to show the
possibility of an understanding nature that
was both comprehensive and quantitative.
Others before him, from Thales to
Descartes, had tried to make comprehen-
sive statements about nature, but none of
them took up the challenge of explaining
actual observations quantitatively in a
comprehensive physical theory.
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I don’t know of any place where
Newton lays out this reductionist pro-
gramme explicitly. The closest I can come
to it is a remark in the Preface to the first
edition of the Principia, written in May
1686. Newton says, “I wish we could
derive the rest of the phenomena of nature
by the same kind of reasoning from
mechanical principles [I suppose he
means as in the Principia] for T am induced
by many reasons to suspect that they may
all depend on certain forces”. I suppose
that the most dramatic example of the
opening up by Newton of the possibility of
acomprehensive quantitative understand-
ing of nature is in the third book of the
Principia where Newton reasons that the
moon is 60 times further away from the
centre of the Earth than Cambridge is
(either Cambridge) and therefore the
acceleration of the Moon towards the
Earth should be less than the acceleration
of an apple in Cambridge by a factor of
60°. With this argument Newton unites
celestial mechanics and observations of
falling fruits in a way that I think captures
for the first time the enormous power of
mathematical reasoning to explain not
only idealized systems like planets moving
in their orbits, but ultimately everything.

A digression. Since I have been talking
about Newton, and also talking about the
SSC, a prime example of ‘big science’, 1
can’t resist remarking that Newton him-
self was involved in big science'. In 1710,
as President of the Royal Society, Newton
by royal command was given control of
observations at the largest national
laboratory for science then in existence in
England, the Greenwich Observatory. He
was also given the responsibility of over-
seeing the repair of scientific instruments
by the Master of Ordnance, an interesting
connection with the military. (This
arrangement, incidentally, infuriated the
then Astronomer Royal, Flamsteed.)

Gaps
There are many gaps, of course, and
perhaps there always will be many gaps in
what I have called the chains of explan-
ation. The great moments in the history of
science are when these gaps are filled in,
as for example when Darwin and Wallace
explained how living things, with all their
adaptations to their environment, could
develop without any continuing external
intervention. But there are still gaps.
Also, sometimes it isn’t so clear which
way the arrows of explanation point.
Here’s one example, a small one, but one
that has bothered me for many years. We
know mathematically that as a con-
sequence of Einstein’s general theory of
relativity gravitational waves should be
waves of spin two, and therefore when
quantized, the theory of gravity should
have in it particles of mass zero and spin
two. On the other hand, we also know that
any particles of mass zero and spin two
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must behave as described by Einstein’s
general theory of relativity. The question
is, which is the explanation of which?
Which is more fundamental, general rela-
tivity or the existence of particles of mass
zero and spin two? I've oscillated in my
thinking about this for many years. At the
present moment in string theory the fact
that the graviton has mass zero and spin
two appears as an immediate consequence
of the symmetries of the string theory, and
the fact that gravity is described by the
formalism of Riemannian geometry and
general relativity is a somewhat secondary
fact, which arises in a way that is still rather
mysterious. But I don’t know if that is the
final answer. I mention this example just
to show that although we don’t always
know which truths are more fundamental,
it’s still a worthwhile question to ask,
because it is a question about the logical
order of nature.

I believe that objective reductionism,
reductionism as a statement about the
convergence of arrows of explanation in
nature, is by now ingrained among scien-
tists, not only among physicists but also
among biologists like Ernst Mayr. Let me
give an example. Here’s a quote from the
presidential address of Richard Owen to
the British Association in 1858 (ref. 12).
Owen was an anatomist, generally
regarded as the foremost of his time, and a
great adversary of Darwin. In his address,
Owen says, “Perhaps the most important
and significant result of palaeontological
research has been the establishment of the
axiom of the continuous operation of the
ordained becoming of living things”. I'm
not too clear what precisely Owen means
by this axiom. But my point is that today
no biologist would make such a statement,
even if he or she knew what the axiom
meant, because no biologist today would
be content with an axiom about biological
behaviour that could not be imagined to
bave an explanation at a more fundamen-
tal level. That more fundamental level
would have to be the level of physics and
chemistry, and the contingency that the
Earth is billions of years old. In this sense,
we are all reductionists today.

Now, these reflections don’t in them-
selves settle the question of whether the
SSC is worth 4.4 billion dollars. In fact, this
might be a difficult problem, if we were
simply presented with a choice between
4.4 billion dollars spent on the SSC and
4.4 billion dollars spent on other areas of
scientific research. However I don’t think
that that’s likely to be the choice with
which we are presented. There is evidence
that spending on ‘big science’ tends to
increase spending on other science, rather
than the reverse. We don’t really know
with what the SSC will compete for funds.
In any case, I haven’t tried here to settle
the question of whether or not the SSC
should be built for 4.4 billion dollars — it
is a complicated question, with many side

arguments. All I have intended to argue
here is that when the various scientists
present their credentials for public
support, credentials like practical values,
spinoff etc., there is one special creden-
tial of elementary particle physics that
should be taken into account and treated
with respect, and that is that it deals with
nature on alevel closer to the source of the
arrows of explanation than other areas of
physics. But how much do you weigh this?
That’s a matter of taste and judgement,
and I’m not paid to make that final deci-
sion. However I would like to throw into
the balance one more point in favour of
the SSC.

“There is one clue in today’s elemen-
tary particle physics that we are not
only at the deepest level we can get
right now, but we are at a level which is
in fact in absolute terms quite deep,
perhaps close to the final source.”

I have remarked that the arrows of
explanation seem to converge to a
common source, and in our work on
elementary particle physics we think we’re
approaching that source. There is one clue
in today’s elementary particle physics that
we are not only at the deepest level we can
get right now, but we are at a level which is
in fact in absolute terms quite deep,
perhaps close to the final source. And
here again I would like to quote from
myself, from my own testimony in Con-
gress, because afterwards I am going to
quote some comments on these remarks,
and I want you to know what it is that the
comments were about:

There is reason to believe that in elementary
particle physics we are learning something about
the logical structure of the Universe at a very
very deep level. The reason I say this is because
as we have been going to higher and higher
energies and as we have been studying structures
that are smaller and smaller we have found that
the laws, the physical principles, that describe
what we learn become <impler and simpler. I
am not saying that the mathematics gets easier,
Lord knows it doesn’t. I am not saying that we
always find fewer particles in our list of
elementary particles. What I am saying is that
the rules that we have discovered become
increasingly coherent and universal. We are
beginning to suspect that this isn’t an accident,
that it isn’t just an accident of the particular
problems that we have chosen to study at this
moment in the history of physics but there is
simplicity, a beauty, that we are finding in the
rules that govern matter that mirrors something
that is built into the logical structure of the
Universe at a very deep level. I think that this
kind of discovery is something that is going on
in our present civilization at which future men
and women and not just physicists will look
back with respect.

After I made these remarks there were
remarks by other witnesses, and then
there were questions from members of the
Committee on Space, Science, and Tech-
nology. I am going to quote from the
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remarks of two of them. The first is Harris
W. Fawell, Republican congressman from
Illinois. Fawell throughout his question-
ing had been generally favourable to the
SSC. The second is representative Don
Ritter, of Pennsylvania, also a Republican,
who had been the congressman most
opposed to the SSC throughout the
morning. (I suppose you could regard this
as a modern dialogue between Sagredo
and Simplicio.) I quote here from the
unedited transcript of the hearings.

Mr Fawell: Thank you very much. I appreciate
the testimony of all of you. I think it was excel-
lent. If ever I would want to explain to one and
all the reasons why the SSC is needed I am
sure I can go to your testimony. It would be
very helpful. I wish sometimes we have some
one word that could say it all and that is kind of
impossible. I guess perhaps Dr Weinberg you
came a little close to it and I’m not sure but I
took this down. You said you suspect that it
isn’t all an accident that there are rules which
govern matter and I jotted down, will this make
us find God? I'm sure you didn’t make that
claim, but it certainly will enable us to under-
stand so much more about the universe?

Mr Ritter: Will the gentleman yield on that?
[That’s something congressmen say to each
other.] If the gentleman would yield for a
moment I would say. . .

Mr Fawell: I'm not sure I want to.

Mr Ritter: If this machine does that I am
going to come round and support it.

Now while this dialogue was going on I
thought of a number of marvellous
observations that I could make to score
points for the SSC. However, by the time
Mr Ritter reached his final remark I had
decided to keep my mouth shut. And that,
my friends, is what I learned about the art
of congressional testimony. a
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I was greatly aided in preparing the talk
at Cambridge and thus this article by
conversations with G. Holton, H. Mark,
E. Mayr and E. Mendelsohn. I am also
grateful for helpful comments on an
earlier written version by J. Krumhansi,
E.L. Goldwasser, E. Mayr, M. Perutz
and S. Wojicki.

Steven Weinberg is in the Theory Group,
Department of Physics, University of Texas,
Austin, Texas 78712, USA.
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The limits of reductionism

Sir—The differences between myself and
my friend Steven Weinberg' might seem
merely to be a semantic argument, Actu-
ally they touch upon saeme of the deepest
questions of the Universe and our hopes
to solve them. The ambiguous appiication
of the term ‘reduction’ to a number of
different scientific approaches has been
the cause of much confusion,

One of the most successful methods of
science is that of analysis. It means taking
# phenomenon or process of nature and
trying to dissecl it into its components,
and then dissecting again each of these
components into its components until the
point is reached where one cannot go any
further. For instance, after having studied
the function of the liver as a whole, I learn
a great deal more by studying what goes
on in individual liver cells, and finaily by
determining which molecules play which
role in the different organelles of the liver
ccl] grC, e e -. TR T G S e L e

This analytic process is sometimes
referred to as constitutive reductionism

“oecause it consists of the reduction of the’

studied object into its most basic constitu-
ents, No scientist objects to this form of
reduction, but it would seem less confus-
ing if such analysis were not referred to as
reduction. '

Another phenomenon that has been
called reduction is theory reduction,
defined by Nagel® as “the phenomenon of
a relatively autonomous theory becoming
absorbed by, or reduced to, some other
more inclusive theory™. The classical
exampie is the reduction of thermo-
dynamics to statistical mechanics. The
number of theories that can thus be
reduced seems quite limited, and it has not
been possible to reduce without residue
any biological theory to a physical theory’.
Weinberg agrees with this evaluation of
theory reduction.

Where the argument begins is when one
asks whether the knowledge of the basic
constituents of an analysis would permit
one to build up an understanding of the
total system. We know thal an inventory
of all the molecules in the liver is not suf
ficient to reconstruct a description of the
function of the entire liver. Without a
knowledpe of mitochondria and other
cellular organelles and structures (mem-
branes), without understanding blood
circulation and the structure of capillaries,
without knowing what the normai input
and output of the liver is, and without a
knowledge of many other aspects of the
liver #nd the body as a whole, it would be
utterly futile ¢ try to arrive at a correct
picture of liver function,

The view that the mere knowledge of its
ultimate components would be sufficient
to explain a complex system has been
referred to by me as explanatory reduc-

tontsm’, 1t has been rejected by many
distinguished physicists, including Niels
Bohr, and Weinberg agrees with them,
Even if you knew everything about every
motecule in a glass of water, he says, “how
would you ever recognize the properties
that interest you about water, properties
like vorticity, turbulence, ¢ntropy and
temperature?™, He realizes that “as one
poes to the higher and higher levels of
organization, new concepts emerge that
are needed to understand the behaviour at
thatlevel™'. This acceptance of emergence
is quite a departure from the view former-
ly held by many philosophers and physi-
cists,

Then where do Weinberg and 1 disagree?
Some phiiosephers have proposed that man
in his search for truth deals with three
worlds: the microworld of subatomic par-
ticles, the middle world from the atom to
our Solar System, and the megaworld of

| the infinite cosmos.- Qur system of cogni-

tion is adapted to deal with the tangible
middle world. It is my contention that

advandes™ i "our understanding “of "the”

microworld of subatomic particles are not
going to make any explanatory contribu-
tions 10 our understanding of the middle
world.

When Weinberg disowned explanatory
reductionism, he implicitly agreed with
this view. Yet a number of exuberant
statements on the last two pages of his
article' supgest that he expects from the
Superconducting Super Collider (85C)
morc than a slight advance in our under-
standing of the subatomic world. He says
that “the arrows of explanation point
down to a commoen source”™ and that in
particie physics “we are at a level which is
in fact in absolute ferms quite deep,
perhaps close to the final scurce™, and that
the particle physicist finds a “simplicity, a
beauty, . in the rules that govern
matter that mirrors something that is built
into the logical structure of the Universe
at a very deep level™.

I am willing to grant Weinberg that all
this might indeed be true as far as the
ultimate structure of matter is concerned,
I am not a physicist but I would even be
willing to accept the claim that some of the
findings made in subatomic physics might
help te explain certain phenomena of the
megaworld. However, Weinberg's stress
on the importance of this research implies
a hope that it wouid contribute not only
to our understanding of the subatomic
world, but also to that of the middle
world. T am not so euphoric, Even if the
8SC would lead to the discovery of the
Higgs boson or some oiher eguivalent
finding, my disbelief in explanatory
reductionism leads me to doubt that such a
discovery would make any contribution
whatsoever to our understanding of the
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middle world. But it is the middle world

that poses all the problems man will have:

lo solve if he is to survive,

I conclude therefore that it is more
than doubtful whether the expenditure of
4.4 billion dollars (or more) for the dis-
covery of the Higgs boson can be justified,
To be sure, the construction of the S8C is
heavily favoured by certain industries and
by these politicians who hope that the
project will be placed in their state, but
whether science as a whole and the United
States will derive benefits from this pro-
ject yemnains a justified question,

ErnsT MAYR
Museum of Comparative Zoology,
Harvard University,
Cambridge, Massachuseis 02138, UUSA
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WeiNBERG REFLIES— [ can't help but feel -

that if T could only express myself a little
more clearly, Ernst Mayr and [ would

s “that Ttherd's really g disagréement

between us. So here is ore more attempt.

Perhaps the main point that needs clari-
fication is that when 1 speak of theeries as
explaining natural phenomena, [ am tak-
ing for granted a kind of transitivity. If a
large number of experimental facts a.b,c,

. .are explained by a set of theories XY,

. ., and then these theories are in turn
explained by a more satisfying theory Z,
then ! would say that the {acts a.b.c, . ..
are explained by theory Z even though we
already understood them in terms of the
previous theories X.Y, .. .. This may |
suppase be regarded as just a matter of
definition; for me the important thing is
that in expluining theories XY, . . ., the
new theory Z gives us a sense that we
better understand why our world (includ-
ing facts a,b.c, . . .) is the way it is, and
that this is one factor that (ameng other
factors) ought to be taken into account in
making decisions about the support of
scienlific research.

To take one example within physics
itself: Newton's theories of gravitation
and of motion explained a vast number of
facts about our Solar System, and abowt
the motion of projectiles and the oceans
here on Earth. However, these theories
involved several apparently arbitrary
elements: the inverse square law, the
equality of gravitational and inertial mass,
and so on, Also, as realized later, they
were in conflict with special relativity.
Newton's theorties were then explained as
an approximate consequence of a more
satisfying  theory, CEinstein’s general
theory of relativity, In 2 narrow sense,
general relativity contributed very little to
our understanding of the Solar System or
the tides, We already knew enough to cal-
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culate planetary orbits with great preci-
sion, and general relativity did not help us
with the major puzzles still outstanding
(long-term stability. tidal dissipation).
only with one tiny anomaly in the orbit of
Mercury. Nevertheless. the development
of general relativity was important. at
least in part, because it explained the
theories of Newton that had earlier
explained so much else.

Of course. general relativity is important
also because it predicts new phenomena.
such as black holes and gravitational
lenses. This is our historical experience: a
theory that provides a more satisfying
explanation of what we already knew is
likely also to predict things of which we
had not yet dreamed.

I suspect that Ernst Mayr would not
really disagree with these remarks about
general relativity, But in his response to
my article he marks out a ‘middle world",
of scales from the atom to the Solar
System. and expresses the doubt that
discoveries in elementary particle physics,
such as those expected at the SSC acceler-
ator, “would make any contribution what-
soever to our understanding of the middle
world”. T suppose that he must mean to
restrict this remark to future discoveries -—
after all, everyone knows that the discov-
ery of the electron and the atomic nucleus
and the quantum mechanical description
of their interaction made an enormous
contribution to our understanding of
matter at the scale of ordinary life. But our
quantum theories of electrons and atomic
nuclei are clearly not complete — they
contain a large number of seemingly arbit-
rary elements, for instance the fact that
the electron is some 2,000 times lighter
than the particles in the atomic nucleus.
Also, they leave out gravitation.

We are trying to develop a more satisfy-
ing theory that explains all these myster-
ies, a task for which we need new instrum-
ents like the SSC. It may be that such a
theory would not make life any easier for
the fluid dynamicist or the evolutionary
biologist, just as general relativity did not
help very much in the actual work of celes-
tial mechanics and planetary physics. Yet
1 think it fair to say that, like general relat-
ivity, the sort of theory that we are aiming
at in particle physics would, if only by
explaining our previous theories, contri-
bute fundamentally to our understanding
of the ‘middle world’. And if history is any
guide, it would predict exciting new
phenomena as well.

In the end, we would not be very happy
with an understanding of nature that rests
on any fundamental distinction between
the microworld, middle world and mega-
world. We live in one world, and in trying
to understand it we discover chains of
explanation that cannot be followed
farther without looking deeper into the
physics of elementary particles. Following
these chains down to their roots is not the
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only kind of science that is important, but
how can anyone doubt that it &
important?

SteveEN WEINBERG
Theory Group,
Physics Department,
Universiry of Texas at Austin,
Austin, Texas 78712, USA

Replacing tenure

Sir—D.A.W. Grant and Bruce Charlton
in their letters of protest (Nature 328, 754;
1987) about the plight of UK science are
both right and both wrong. They are cor-
rect to complain about the lack of effective
leadership and about the undue acquie-
scence of bodies such as the Advisory
Board for the Research Councils (ABRC)
in time- and resource-wasting schemes to
give a spurious sense of becoming more
efficient by centralizing resources. The
shambles created in London medical
schools by such an approach should be
enough to give pause for thought, before
embarking on a much larger exercise
based on the same false premise that
such reorganizations save money. They do
not, and, worse, they are very disruptive.
Grant and Charlton are wrong in castiga-
ting Nature for editorial comments on our
plight; we should have listened harder
and replied more effectively to both
government criticism and Nature's prod-
ding. To take a specific point of Grant’s,
whether the abolition of tenure is good or
bad depends on what takes its place. At
present, the major advantage of tenure is
a practical one: it allows recruitment of
staff at lower salaries than would other-
wise be the case; even so, we are still
losing out to industry and overscas where
tenure is much less common. Competitive
salaries for (say) rolling 5-year contracts
would make us a lot more able to retain or
recruit outstanding staff. The main dis-
advantage of tenure, which is continually
hung round our necks and to which we
reply so ineffectively, is that it protects the
right to idleness (rather than the academic
freedom about which we are now hearing
such a lot).

The current proposals on tenure will
give us the worst of all worlds — new
young staff without tenure and existing
staff reluctant to move because they will
lose tenure; if they do move, it will prob-
ably be out of the universities altogether.
If the government were to realize the true
economic cost of abolishing tenure, it
might be persuaded to make more sensible
proposals. Tenure should either be abol-
ished for all, with government providing
funds to run an cconomically competitive
scheme, or it should be retained (for largely
economic reasons) but the universities
should be provided with the means and
resources to redeploy ineffective staff.
Either approach would give us the flexibil-
ity to create careers that would be once
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again attractive to bright young academics.
Our young colleagues” morale is depressed
not only by the difficulty of attracting
research grants but also by the apparent
inability of universities to deal with chronic
institutional stasis of life-threatening
proportions. To be sure, more money
would help, but we are more likely to getit
if we show a determined effort to set our
own houses in order.

NorManN R. SAUNDERS
University of Southamprton,
Department of Physiology &

Pharmacology,

Medical & Biological Sciences Building,
Bassett Crescent East,
Southampton SO93TU, UK

Creationists now

Sir—With reference to Reginald T.
Chelvam’s letter (Nature 331, 10:1988),
our present knowledge is the compound of
millennia of accumulation. As prehistoric
man pondered on his relationship with the
Universe, he encountered the obstacle of
the past. The origins of life and the physical
world were shrouded in mystery, which
was surmounted only by the creation of a
‘superhuman’ crutch to insecurity. Belief
in these various deities has been passed
down through the ages. This faith has
become so entrenched in man’s teachings
that many find it hard to accept that the
evolutionary theory of the origin of life,
and in a wider context matter, has its
merits. The more insecure individuals
would obviously prefer to cling to the
older theory. They are then the centre of
the Universe, and life has a purpose and is
not the product of aeons of random occur-
rences.

How can Chelvam equate the narrow-
minded creationists of today with the
‘default’, if you will, creationist founders
of our science, who had not even con-
ceived of alternative explanations of
origins? Darwinism was never specifically
proposed to negate the existence of gods
— evolution merely obviated their in-
volvement in the creation of life. There
are many (confused?) scientists who
believe in evolution and retain a belief in
an omniscient, omnipotent being.

We have a long way to go before we
understand the Universe, if we ever do.
Evolutionary and other theories may be a
step on that path, though the teaching of
creationism to the next generation as the
one and true road will corrupt the atti-
tudes of our future philosophers and
scientists. The various theories on the
origins of life should be presented to child-
ren. They will make up their own minds
one day, why not sooner rather than later?
Or is it their greater mental freedom that
the forces in the Bible Belt fear?

ANDREW W.P. ROBERTS
37 Sarum, Roman Wood,
Bracknell RG124XZ, UK
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