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                    Theoretical physicists are flouting the scientific method. They

                    are developing hypotheses that cannot be tested and ignoring

                    experimental data that contradict their ideas (

                    Recently, an astrophysicist, commenting in the highly reputable

                    journal Nature on current theories of star formation, described one

                    hypothesis as a 'certainty' and another as a 'near-certainty'. He then

                    made an even more remarkable statement that 'there is no

                    observational confirmation of either the certainty or the

                    near-certainty'. What has happened to the scientific method? In the

                    first place, it is unscientific to put so much confidence in hypotheses

                    that have not been confirmed by observations. 

                    This example of scientific impropriety is hardly an isolated case. During

                    the past decade, or so, two worrying trends have emerged in the two

                    areas of physics that claim to explain the nature of everything -

                    particle physics and cosmology. The first trend is that physicists are

                    increasingly, devising mathematically elegant hypotheses, which they

                    say are 'compelling' but which nevertheless cannot be verified by

                    experiments or observations. The second trend is that theorists are

                    becoming reluctant to give up their elegant notions, preferring to

                    modify the theory rather than discard it even when observations do

                    not support it. 

                    We all learnt at school that the basic steps of scientific research are:

                    first, to study nature; secondly, develop hypotheses about how

                    things work or how they are correlated; thirdly, pursue the

                    hypotheses until they yield unique and testable predictions; and last,

                    test the truth of the hypotheses by careful observations or

                    experiments. Of course, in reality, things are rarely that neat.

                    Serendipity, for instance, has always been a star player in scientific

                    progress, predictions are never perfect, and empirical results can be

                    uncertain or misleading. But none of these factors fundamentally

                    undermines the basic scientific method, which has rapidly increased

                    our knowledge of nature over the past century. 

                    As an example of how scientific method should work, consider the

                    following. Earlier in this century, astronomers observed many spiral

                    nebulae distributed over the celestial sphere. They devised two

                    hypotheses to explain the spiral nebulae. The first was that they were

                    relatively small, local clouds of gas and dust; the second was that

                    they were separate 'island universes' of stars, as proposed by

                    Immanuel Kant, Johann Lambert, Edmund Fournier d'Albe and others.

                    To cut a long story short, observations gradually revealed that the

                    spiral nebulae were mainly composed of stars and were at huge

                    distances from us. Thus humans made the momentous discovery that

                    matter is organised into the vast island universes we now call

                    galaxies. 

                    The third step in the scientific method - probing new hypotheses for

                    unique and testable predictions - is crucial to the integrity of science.

                    Einstein's theory of relativity predicted the gravitational red shift of

                    light, for example, which was verified by observation. Without such

                    definitive predictions, there is no reliable way to distinguish between a

                    true scientific insight and the merely slick. Yet, increasingly, physics is

                    presenting us with hypotheses that do not, and in some cases

                    cannot, yield definitive predictions. Physicists would very much like to

                    develop a unified theory for the particles of matter and the four

                    fundamental forces of nature, the electromagnetic force, the strong

                    and weak nuclear forces and gravity. They hope that such a

                    framework will provide an ultimate theory of how the Universe works -

                    a 'Theory of Everything'. It is a laudable aim for science and there has

                    been real progress in this century. 

                    The so-called Standard Model of particle physics, which describes the

                    relationship between the fundamental particles and also unifies two of

                    the four forces of nature, electromagnetism and the weak force into

                    the electroweak force, has been moderately successful. It has

                    predicted the existence of new particles, for example, the W and Z

                    particles discovered in experiments in 1983 at CERN, the European

                    Laboratory for Particle Physics. Other particles, the Higgs particle and

                    the top quark, which must exist if the Standard Model is right, have

                    not yet been detected in any of the world's accelerators. 

                    Nevertheless, these experimental shortcomings have not prevented

                    theorists from charging ahead and trying to unify the electroweak

                    force with the strong nuclear force in what are called Grand Unified

                    Theories (GUTs). Here predictions become a problem but the particle

                    theorists have called on the cosmologists for help. Apparently, the

                    most crucial aspects of grand unification happened when the Universe

                    was 10-25 seconds old, just after it had exploded into existence in

                    the 'big bang'. The theorists say that before this moment there was

                    once force which then separated into the forces we know now. So

                    far, we have no way of observing this putative blip of cosmological

                    harmony, nor can we rerun the big bang to check. 

                    The big bank hypothesis has theoretical problems anyway. It requires

                    the concept of 'inflation', a brief period when the early Universe is

                    supposed to have expanded rapidly. Inflation is based on Grand Unified

                    Theory, and suffers from the same inability to be reliably tested. Its

                    crucial predictions are forever confined to the unobservable past while

                    the predictions that apply to the Universe as it is now could be the

                    result of other causes. 

                    The most obvious area where predictability breaks down is when our

                    intrepid theorists go on to unify all four forces of nature, that is, the

                    electroweak force, the strong force and gravity - a so-called theory

                    of everything. Here another 'compelling' mathematical framework

                    called string theory steps in. Instead of treating fundamental particles

                    as dimensionless points, string theory envisages these particles as

                    unimaginably tiny (on the order of 10-33 centimetres) vibrating

                    'strings'. The idea is attractive because it is mathematically satisfying

                    and does have the potential for unifying the four fundamental forces,

                    which has been a major theoretical problem. A lot of effort has been

                    diverted into string theory yet it has not led to a single prediction. 

                    In addition to these well-know theories, there are many other

                    hypotheses of the 'new physics' that suffer from a lack of testable

                    predictions. Some that come to mind are the existence of 'hidden

                    dimensions', 'shadow matter', 'wormholes' in space-time and the 'many

                    worlds' interpretaion of quantum mechanics. Speculation is a crucial

                    part of scientific progress and it must be broadly encouraged. But

                    without the benefit of predictions, we are in serious danger of ending

                    up with elegant theories that have little or nothing to do with how the

                    real world works. 

                    Another troubling trend of the new physics is that the theories have

                    many arbitrarily adjustable parameters (one model fits all data), or

                    they come in many slightly different versions, so as to hedge one's

                    bets. Although these theories do make predictions their effectiveness

                    is compromised by excessive flexibility. The strategy follows the

                    scientific method for the first three steps, but the fourth step is

                    changed to something like this. Test the predictions and if they are

                    not born out experimentally, then achieve agreement, or at least

                    avoid conflict, by twiddling with the adjustable parameters or

                    switching to a slightly modified version of the theory. 

                    An irreverent name for this strategy might be the Ptolemaic method.

                    Remember Ptolemy, the Greek astronomer-mathematician who, having

                    accepted as fact the hypothesis that the Earth was the centre of the

                    Universe with the Sun, Moon and planets revolving round the Earth,

                    developed a theory of planetary motion that involved adding

                    increasingly complicated 'epicycles' until his predictions fitted with the

                    facts. 

                    The Ptolemaic method has been lavishly applied to both the Standard

                    Model of particle physics and the big bang cosmological model. The

                    Standard Model, believe it or not, has no less than 20 arbitrarily

                    adjustable parameters. Moreover, various 'epicycles' such as quark

                    confinement, 'charm', gluons, the Higgs mechanism, the

                    'quark-antiquark sea', renormalisation and a hugely negative

                    cosmological constant have been added over the years to keep it

                    consistent with experimental results and mathematical constraints. 

                    The big bang cosmological model has several serious problems and

                    the inflation hypothesis, which I mentioned before, was brought in to

                    rescue it. When the original inflation model ran into contradictions, it

                    was replaced by a modification called the 'new inflation'. When further

                    problems arose, theorists postulated yet another version called

                    'extended inflation'. Some have even advocated adding a second

                    inflationary period - 'double inflation'. 

                    A good example of the Ptolemaic strategy is the sorry case of

                    magnetic monopoles, which are hypothetical elementary particles with

                    a single north or south magnetic pole. These are prediced by the

                    Grand Unified Theories that I already mentioned. For several decades,

                    experimenters have used ingenious methods to search for these

                    'unicorns', but to no avail. In response, theoreticians have shown an

                    even more dazzling ingenuity in adjusting the properties of magnetic

                    monopoles, or theoretical predictions of their hiding places, so that

                    the legend of magnetic monopoles could be kept alive. In the latest

                    dodge, and this one is truly unbeatable, theoretical physicists have

                    decided that the most probable number of magnetic monopoles in this

                    incredibly vast Universe is just one. Right. So no wonder we haven't

                    found it yet. The little devil is probably lurking behind some quasar a

                    billion light years away. Should we simply stop looking for it and take

                    its 'reality' on faith in our theoretical wizards? 

                    Indeed, there is a veritable zoo of popular hypotheses of the new

                    physics such as cold dark matter, cosmic strings, and weakly

                    interacting massive particles (WIMPs), all needed to justify various

                    aspects of modern cosmological theory, and each has undergone

                    repeated adjustments or modifications in order to avoid conflict with

                    expanding knowledge obtained from observations. 

                    What exactly have been the major successful predictions of particle

                    physics and cosmology in recent decades? If you discount

                    retrodictions - 'predictions' made after the observational discovery

                    has been made - then one is hard pressed to come up with good

                    examples. The successful prediction of the masses of the Z and W

                    particles did show that the Standard Model at least has heuristic

                    value. Cosmologists predicted that some radiation should have

                    remained after the big bang - the 3 K microwave background.

                    Astonomers found this background radiation, though the amazing

                    homogeneity of this radiation may now force a reinterpretation of its

                    physical origin. 

                    But most of the fundamental discoveries in recent decades, and there

                    have been many - have come as a complete surprise, leaving

                    theoreticians scrambling to apply their Ptolemaic method. We are left

                    with theories that can reproduce the data, at least approximately, but

                    so did the original Ptolemaic model of the world. 

                    The problem is that theory is far outpacing experimental observations.

                    Key experiments in particle physics and astrophysics can take a

                    decade or more to implement, from planning to publication. This slow

                    observational 'response time' permits speculative theories to become

                    firmly entrenched in the hearts and minds of the new physicists long

                    before the ideas can be adequately tested. This Platonic attitude

                    worries me - a hypothesis can come to be regarded as being so

                    convincing and elegant that it simply has to be right. This then leads

                    researchers to mistrust and neglect observational results that conflict

                    with the hypothesis. A classic example is surely our relentless

                    devotion to the traditional paradigm of the big bang in cosmology. 

                    In the beginning, so to speak, the big bang was a reasonable and

                    thoroughly scientific interpretation of a very small amount of

                    cosmological data. The strong evidence for very large-scale

                    expansion, the ease with which the model could be made to account

                    for the known abundances of different elements, such as hydrogen

                    and helium, and the prediction of a microwave background at

                    approximately the right temperature were quite consistent with the

                    working hypothesis that about 15 billion years ago the cosmos was a

                    dimensionless point - a 'singular' state - and then went bang. 

                    Paradoxically, however, as theoretical and observational problems

                    began to pile up, the depth and breadth of the confidence in this

                    basic paradigm increased. Let us consider some of those problems.

                    First, the big bang is treated as an unexplainable event without a

                    cause. Secondly, the big bang could not explain convincingly how

                    matter got organised into lumps (galaxies and clusters of galaxies)

                    And thirdly, it did not predict that for the Universe to be held together

                    in the way it is, more than 90 per cent of the Universe would have to

                    be in the form of some strange, unknown dark form of matter. 

                    Even the strongest piece of evidence for the big bang has turned on

                    it. Matter is not found to be spread out uniformly. Correspondingly,

                    the leftover radiation from the big bang should be inhomogeneous.

                    Unfortunately, the results from the Cosmic Background Explorer

                    (COBE) satellite, recently launched to investigate the microwave

                    background, has revealed that this wash of radiation is relentlessly

                    uniform. So it conflicts with the theoretical big bang predictions. 

                    Nevertheless, the theorists are determined to hang on in there. Before

                    COBE was launched, cosmologists predicted that fluctuations in the

                    microwave background radiation would have to be found at more than

                    one part per 100,000, or the big bang model would be in serious

                    trouble. That 'line in the sky' now appears to have been crossed but

                    the response has been Platonic retrenchment: the big bang has to be

                    right, fluctuations will show up by the one part per million level, or

                    else. 

                    Theorists also invented the concepts of inflation and cold dark matter

                    to augment the big bang paradigm and keep it viable, but they too

                    have come into increasing conflict with observations. In the light of all

                    these problems, it is astounding that the big bang hypothesis is the

                    only cosmological model that physicists have taken seriously. 

                    Because experimental verification and observations have lagged

                    behind theory, researchers have increasingly invoked theoretical

                    'elegance' and the 'potential for unification' as criteria for judging a

                    theory's scientific merit. Beauty in science can be highly subjective; a

                    theory that is elegant and compelling to one scientist might appear

                    ungainly and arbitrary to another. The prediction and observation

                    steps of the scientific method are not infallible as a means to decide

                    theoretical questions, but they provide the best criteria that we will

                    ever have. Without them science is in trouble. 

                    Nevertheless, we need not be completely gloomy. While particle

                    physics and cosmology seem to have headed off to never-never land,

                    other sectors of physics have experienced genuine progress in recent

                    decades. Advances with new superconducting materials have been

                    very impressive. The application of fractal geometry to many areas of

                    physics has led to a remarkable string of successes. Observational

                    astrophysics has served up a veritable cornucopia of important

                    discoveries. The new science of chaotic systems has initiated a

                    revolution in our understanding of dynamics, and many other areas of

                    condensed matter, nuclear, atomic and chemical phyics have seen

                    important gains. 

                    One theme that underlies all this progress is that experimental and

                    observational work has either been the primary driving force or has

                    shared centre stage with theoretical work. The development of

                    relatively high-temperature superconductors has come despite

                    mistaken theoretical expectations, fractal geometry has remained an

                    entirely descriptive phenomenon, and the science of chaos began,

                    and has made subsequent advances, purely by serendipity. Science

                    works well when observation leads theory in the dance of progress, or

                    when the lead alternates between observation and theory on a

                    reasonably short timescale. 

                    How can we achieve real progress in particle physics and cosmology?

                    Obviously, we need to emphasise the predictive powers of theories

                    and corresponding experimental tests. Criteria such as 'beauty' and

                    the 'potential for unification' can be useful in evaluating theories, but

                    we shouldn't rely too much on such subjective judgments. We must

                    be more honest and forthright about the purely speculative nature of

                    some of our most cherised assumptions. Repeating them as 'givens'

                    does not make them more accurate, though it does foster that

                    unfortunate illusion. 

                    Some theorists have openly expressed the view that 'physics is almost

                    finished'; if these Platonists have their way physics, as a science, will

                    indeed be finished. Theorists must accept and be guided by

                    observations that contradict their theoretical expectations. We ignore

                    nature's verdicts at our own peril. 

                    ' .. The big news so far is that particle physicists seem to be able to

                    provide initial conditions for cosmology that meet what astronomers

                    generally think they want without undue forcing of the particle

                    physicist's theory. Indeed I sometimes have the feeling of taking part

                    in a vaudeville skit: you want to tuck in the waist? We'll take a tuck.

                    You want massive weakly interacting particles? We have a full rack.

                    You want an effective potential for inflation with a shallow slope? We

                    have several possibilities. This is a lot of activity to be fed by the thin

                    gruel of theory and negative observational results, with no prediction

                    and experimental verification of the sort that, according to the usual

                    rules of evidence in physics, would lead us to think we are on the

                    right track ..' J E Peebles, Science, Vol 235, p 372, 1987. 

                    ' .. The only legitimate reason for introducing the Higgs boson is to

                    make the Standard Model mathematically consistent .. The biggest

                    drawback of the Higgs boson is that so far no evidence of its

                    existence has been found. Instead, a fair amount of indirect evidence

                    already suggests that the elusive particle does not exist. Indeed,

                    modern theoretical physics is constantly filling the vacuum with so

                    many contraptions that it is amazing a person can even see the stars

                    on a clear night!' M J G Veltman, Scientific American, Vol 255, p 16,

                    1986. 

                    Robert Oldershaw is an independent researchers whose main interest

                    is cosmology. 
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