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“Basic Principle of Physics is Wrong, Ox-
ford Scientists Say.” This is the title of an
article in Newsweek? reporting on an experi-
ment? that found a negatively charged object
attracted to a negatively charged surface.
This clearly violates the law of like-charges
repelling each other. In titling her article,
Robyn White was following our common
assumption that finding an exception to a
law is a disproof of that law. The Oxford
scientists made no such claim, but this view
has been a fundamental plank in the philoso-
phy of science since David Hume (1711-
1776). It has been passed on in these famil-
iar declarations: “Consistency is no proof of
certainty.” “You cannot guarantee what will
happen tomorrow.” “Any law’s “black swan’
might be just around the corner.”
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The Paradox

We widely accept this is true, but that’s not
how we live. We entrust our lives in count-
less ways to the physical, mechanical, chem-
ical, and biomedical “laws” science has de-
veloped. We rely on technological devices
in our work and leisure and for many of
life’s necessities. Barring parts failure or ob-
solescence, we expect these mechanisms to
work as designed indefinitely. We don’t ex-
pect discoveries of the sort described above
to repeal the principles our devices are based
on. On the other hand, history is rife with in-
correct scientific conclusions like the geo-
centric solar system and the caloric theory of
heat.

So clearly some aspects of science are trust-
worthy, and some aren’t. In Philosophy, sci-
entific realists affirm this position, but have
not yet established which is which. Until this
dichotomy between our behavior and our be-
lief is settled—until we are clear about what
knowledge will endure and what won't, we
have no definitive answer to science skep-
tics. Nor can we heal the rift that developed
between philosophical thought and scientific
practice over the last three hundred years.

Working on an answer

While working as an academic chemist spe-
cializing in the development of novel instru-
mentation, | have delved into this conun-
drum for the past five decades. My inquiry
was stimulated by Robert Pirsig’s (1974)
book, Zen and the Art of Motorcycle Mainte-
nance: An Inquiry into Values, and has con-
tinued through study, reflection, and conver-
sation. This has led, finally, to a logical res-
olution of science’s success in the face of
apparently irrefutable reasons for the uncer-
tainty of its discoveries.

My proposed resolution to this centuries-old
puzzle and the story of its unfolding are in
my essay Unraveling the Science/Philoso-
phy Paradox: A Key Factor in Repairing the
Divide. It appears in the recently published
book The Divide Between Humanities and
Science: Why It Matters and How it Can be
Repaired®, edited by Richard Brusca. | have
summarized its principal conclusions for this
piece.

For rigor, Il first define some terms. Our
scientific knowledge of a natural phenome-
non has two parts. One is the law, which is a
statement that generalizes an observed uni-
formity. It expresses the relationship among
its quantities and properties. Examples are e
= mc?, or water boils at 100° C. The law
does not tell us why nature acts that way, but
we naturally seek an explanation. The law is
the what and the explanation is the why.
These two parts make up our theory of a
phenomenon, but sometimes we use the
word theory for just the explanation. Though
closely linked, the law and its explanation
have distinct functions. We use the law to
make predictions involving the phenomenon
and we conceive an explanation to make
sense of the behavior observed.

Exceptions: a bane or a boundary?

Through my study, | have come to realize
that philosophers and scientists have oppos-
ing ways of treating the discovery of an ex-
ception to a law. And that this difference is a
critical factor in the dichotomy of our trust
in technological devices while accepting the
laws they are based on are not certain. Here
are two takes on the same exception. Naomi
Oreskes, a science historian, in Why Trust
Science (Oreskes 2019), says classical me-
chanics is now “on the scrap heap of his-
tory,” undone by relativity, which proved it
did not work in situations of extremely high
velocity or intense gravitational fields. But
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Carlo Rovelli, a physicist/philosopher, says
“Einstein’s theory does not falsify Newton’s
theory; it clarifies it by neatly specifying its
domain of validity” (Rovelli 2014). One
says an exception nullifies a law while the
other says it just identifies situations in
which it doesn’t work.

It's easy to see which of these views is cor-
rect since we continue to teach Newton’s
laws of motion and mechanics and use them
where they have always worked. Finding a
condition in which a law doesn’t apply pre-
vents it from becoming a universality, i.e., a
law that works in every location over all
time. Since the empirical verification of any
law being a universality is impossible, let’s
give that up. But knowing the circumstances
in which a law consistently works is all that
is needed to assure us that will continue to
be the case. New exceptions will only be
found under conditions outside the bounda-
ries previously tested.

The story of the like-charges attracting
which opened this piece is a case in point.
The experiment involves a large DNA mole-
cule with an overall negative charge. But the
subject molecule has a region in which the
charge is positive. In an aqueous solution,
the molecule is repelled from a negatively
charged plate as expected, but in alcohol, the
positively charged region has a stronger ef-
fect resulting in its attraction to the nega-
tively charged plate. The differences in the
electrical conductivities and dielectric con-
stants of water and alcohol change the influ-
ence of the positively charged area in an un-
derstandable way. This condition, in which a
fundamental law of electricity appears to be
violated, won’t keep our electronic devices
from operating as designed.

The conclusion, then, is that our laws will
continue to make correct predictions of natu-
ral behavior when applied within the

boundary of tested conditions. They will not
be undone by the discovery of exceptions.
We can then safely call our empirically veri-
fied laws bounded certainties.

Challenges to certainties

Nancy Cartwright has raised the question
about whether our laws, often demonstrated
in the laboratory, actually work in the real
world (Cartwright 1983). Taken alone, the
laws of gravity will not predict the path of a
falling leaf. Other simultaneous processes
make that law’s predictions inaccurate.

When scientists employ laws despite inter-
fering processes and exceptions, they are
said to be idealizing, i.e., using a law that
strictly speaking, they know is untrue. For
example, we know that the boiling point of
water is only 100° C at sea level. Angela
Potochnik claims that “idealizations are
rampant and unchecked in science” and by
“unchecked” she means “that little effort is
put forward toward eliminating or control-
ling these idealizations” (Potochnik 2017).

Potochnik is right if she means scientists are
not doing much to reformulate idealized
laws so they are “true,” i.e., perfectly exact.
Sometimes the relationships of one or two
concurrent phenomena can be built into a
single equation, but now we use digital sim-
ulation to include the effects of multiple
simultaneous processes. But even these
methods don’t eliminate all the factors that
can affect our results.

Historians and philosophers of science have
long elaborated on epistemological implica-
tions of idealization in science.® Educators
have looked at the pedagogical challenges of
idealization, particularly the disrupt between
everyday experience and what teachers and
textbooks are saying about the supposedly
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lawful phenomena pupils observe, measure
and conjecture about.’

The argument that outcomes obtained in the
face of these causes of deviation are not per-
fectly exact is correct, but are they so wrong
they are not useful? Scientists handle it this
way: the more precision the purpose of the
measurement requires, the harder we work
to control the conditions affecting reproduci-
bility. In an article titled True Enough, Cath-
erine Elgin describes how scientists deter-
mine when these deviations significantly af-
fect the outcome, and how they compensate
for them when they do (Elgin 2004).

And doing just that has been part of my
work as an instrument designer. When |
started in analytical chemistry, the standard
was assay results having three significant
digits in mixtures with a score of compo-
nents.2 Now we are doing quantitative as-
sessments of up to six significant digits in
mixtures that have thousands of compo-
nents. Astronomers measure time to within
fourteen significant digits. The more control
we gain over the variables affecting preci-
sion, the more we learn about the process
and its exceptions.

In our daily life, measurements require dif-
ferent levels of accuracy. Just as in science,
the criterion we apply is whether the accu-
racy of the method is sufficient for the task.
Cooking rice, we would not use a volumetric
flask and a balance to get the right ratio of
rice to water; a measuring cup will suffice.
Spa water pH strips are crude compared to a
pH meter, but they provide the information
needed. From a practical standpoint, a meas-
urement that satisfies its application is not
wrong, even though it is not perfectly exact.

In some areas where we attempt to apply
scientific methods, the number and signifi-
cance of uncharacterized factors is too great

for “laws” to provide consistent predictions.
Differences in people’s biological makeup
affect how they react to treatments. And in
economics, psychological factors interfere
with predictions based on logic. These are
not failures of science. We just don’t yet
have laws that include those factors. The un-
controlled variables are too many and too
large.

Predicting what will work tomorrow

The final and usually fatal arrow in the
quiver of uncertainty is what could happen
tomorrow. The future is necessarily an un-
tested condition. As Karl Popper says, “It is
perfectly possible that the world as we know
it, with all its pragmatically relevant regular-
ities, may completely disintegrate in the next
second” (Millar 1985). Imagine what would
cause gravity to turn off or all molecules to
revert to their atoms. Wouldn’t it be a
change in conditions—a new and neces-
sarily cataclysmic development? Popper’s
scenario of when basic laws would fail sup-
ports this point: it would require a dire
change in conditions. We can agree, but if
what happens is severe enough to disrupt
fundamental laws, we won’t be here either.
So our verified laws will remain bounded
certainties for as long as it matters.

What the Realists can be realistic about

Let’s pause here for a moment to consider
what the above arguments have established.
The continued applicability of our laws
within their verified boundaries is a cer-
tainty. This statement represents a sea
change in what we can claim to know for
sure. It offers solid confirmation instead of
informed opinion or broad consensus to sup-
port the reliability of predictions based on
those laws.



It is gratifying to have found the part of sci-
entific knowledge that resolves the paradox
of philosophical uncertainty and scientific
success, but there is still the fact that we
continue to prove previously believed theo-
ries wrong. We are about to experience an-
other major rewrite as the James Webb
Space Telescope (JWST) is finding galaxies
and black holes more mature than our timing
of the Big Bang allows. Some deduction(s)
we now embrace will have to be revised or
replaced.

Explanations: essential, but fungible

So what part of our knowledge is mistaken
when new data shows a theory to be wrong?
It’s the part we haven’t talked about much
yet, i.e., the explanation. The data we have
collected and verified is still valid, as are the
bounded certainties we have generalized
from them. New observations that are incon-
sistent with our understanding of the phe-
nomenon tell us that the current explanation
is no longer tenable. So we need to reflect
on the basic nature of our explanations.

It was the following part of Persig’s book
that got me started on this inquiry. He
quoted Henri Poincaré, the late 19" century
French scientist/mathematician/philosopher.

If a phenomenon admits of a complete
mechanical explanation, it will admit of
an infinity of others which will account
equally well for all the peculiarities dis-
closed by experiment. °

Einstein agreed, saying'®, “other systems of
thought are always conceivable which are
capable of joining together the same given
facts.”

These quotations regarding the source of ex-
planations were eye-opening for me. It says
they do not flow inevitably or uniquely from

the observations. We make them up! We
find a rationalization for them that fits the
observations. Richard Feynman (1918-
1988), a renowned theoretical physicist, dis-
cussing our failure to find an explanation for
the particle/wave duality of quantum ob-
jects, tells us how we generate explanations:

They are attempts to make sense of our
observations, analogies to processes that
we’re already familiar with. And when
we can’t find one that is satisfactory, it’s
a failure of our experience or imagina-
tion. !

When one is conceived, it might not be the
only credible one. This suggests we proba-
bly shouldn’t think of an explanation as be-
ing true or false. Nor do we need to apply
Ockham’s razor to choose the “right” expla-
nation among plausible alternatives; they
might all be useful in various contexts.

In Surfaces and Essences, Hofstadter and
Sander tell us we have a “non-stop need” to
make sense of our observations in terms of
things we already know or understand.*?
They help us categorize and remember the
behavior patterns we have deduced into
laws, but their value is in their usefulness,
not their truth.

The dual meanings of the word “theory” (a
law and its explanation or just the model)
can, and often has, led us to “throw the baby
out with the bathwater.” When an explana-
tion is disproved, it is common to conclude
that whole theory has now joined our list of
mistakes. Realizing that a theory has two
parts, only one of which is no longer sup-
portable, clarifies what is still valid. Perhaps
we need a new word specifically for the
combination.

An important way that an explanation com-
plements its law is in providing an answer to
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the impossibility of exhaustive testing. Since
one can’t test every possible value of all the
factors of a law in every location, how do
we know there is not some specific combi-
nation of parameters within the tested
boundaries in which the law fails? From em-
pirical observations alone, this argument
can’t be rebutted. But scientists don’t just
rely on data. We would not propose a law
that swans must be white without some ge-
netic rationale for that conclusion. The law
expresses the uniformity, and the explana-
tion provides the means to assess whether an
untested combination of factors could credi-
bly provide such an exception.®

Here's an example. If you hold a book up
and let it go, it will surely fall. We’re certain
this will happen every time. “Unsupported
books will fall toward the earth” is an ex-
pression of this uniformity. But even this ob-
vious statement has boundaries. The book
must not be moving with respect to the earth
when it is released, and the book must be
denser than the surrounding medium (for in-
stance, air). But within those bounds, do we
need to test this expression with every book
in every location on the planet to be sure of
it? No, because we have an explanation for
the interaction between the book and the
earth. We understand the book and the earth
have mass and that masses attract each
other. We can reliably predict, therefore,
within known boundaries, that all unsup-
ported books will fall toward earth.

Some explanations, on their level, are
“settled” science

So far, we have categorized analogies and
models as the part of scientific knowledge
that later discoveries can disprove. | as-
sumed then that all explanations were tenta-
tive until I ran across the phrase “settled sci-
encel®,” referring to a model that has been
proven beyond question. On consideration, |

was surprised to realize how many models
or explanations within just my limited pur-
view are settled. By “settled,” | mean by
substantial empirical confirmation, not by
consensus. All our examples of theories
proven false were widely believed up to their
collapse.

But there is no longer any doubt about the
heliocentric model of the solar system. Pho-
tos of the earth from space, satellites sent to
orbit the sun, etc. have made the heliocentric
model undeniable. We have confirmed the
double helix conformation of DNA by X-
rays and microscopy. We have measured the
velocity of tectonic plates, verifying the re-
ality of their motion. Atoms of the chemical
elements unquestionably exist and form
compounds by sharing electrons with their
neighbors. There are hundreds, probably
thousands, of other models that are settled
science. Of course, there is more to learn in
all these areas as we probe more deeply into
their qualities and substance. There are as-
pects of atoms and photons we may never
understand. But at the level stated, there is
much that is truly settled.

To summarize, our predictive laws are
“bounded certainties”—their applicability
within their tested limits is assured. The ex-
planations for those laws are useful analo-
gies, but they are not settled science until
extensively empirically confirmed. These
conclusions give solid ground for trust in
predictions based on our laws. They also tell
us which areas are prone to change. This un-
derstanding of scientific knowledge could
affect our approach to scientific teaching
and research, as well as science journalism.
But not without some work. For generations,
we have been schooled in the arguments
against any certainty. Developing an ac-
ceptance that a part of scientific knowledge
truly represents reality will be a challenge.



Guardians of the gate

The model I propose, of scientific
knowledge being composed of laws and
their explanations, has a parallel in every-
thing we believe. In the broader sense, the
components are belief and story. Between
the two, the story is by far the more persua-
sive (Olson 2015). New data that conflicts
with an existing explanation is often consid-
ered suspect. It’s hard to give up a story that
has worked until now.

I have had the fortune (or misfortune) to
have made two breakthrough discoveries in
mass spectrometry®>16, In both cases, it was
my first foray into the research area. The re-
views of my journal submissions included
uncritical rejection of my data and interpre-
tation, and a denial of my authority to pub-
lish on the subject!’. Only after others
adopted and credited my work were they
more widely accepted. Now my revised ex-
planations are part of the doctrine. This is an
oft-repeated pattern. There are dozens of
such stories, including at least one who went
on to win a Nobel Prize!®. The initial dismis-
sals come from the guardians of the gate!®—
persons having a personal identification with
the existing story.

Implications for teaching science

In the teaching of science, it is my experi-
ence that the duration of the student’s reten-
tion of the material is disappointingly low.
But in every development, there is a human
story of how and when it came about—what
they were thinking, what beliefs were dis-
placed, what impact their creation had on
science and society. Discussing these might
help bridge the gap between science and the
humanities and, | predict, make the subject
more memorable. The phenomenon being
taught would have a story. If | were still
teaching, | would try that.

All the years of doing research, | did not
know to separately consider the law and its
explanation. | had a lot of experience with
exceptions to laws, but they were just condi-
tions to avoid or compensate for in the
measurements | was making. | assumed the
laws | was using were reliable, but | had no
rationale for that conclusion. Nor did | know
enough to hold their associated explanations
more lightly. They were taught as fact, and |
accepted that. If | weren’t retired from re-
search, passing on the stories of laws contin-
uing to work even when their explanations
were replaced would be part of my mentor-
ing. In publications, | would differentiate be-
tween what was certain and what was pro-
posed.

Presenting science to the public

There have been many calls for scientists to
do a better job of communicating their re-
sults to the public. Some have done this ex-
ceedingly well. One thinks of Carl Sagan
(1934-1996), Neil deGrasse-Tyson, and
Carlo Rovelli. But few scientists have the
platforms those exemplars developed, and
few have the time or skills to exploit them.
For most, the best bet is to work through sci-
ence journalists to publicize their results.
But it is not just the conclusions, but the sto-
ries leading up to them that can make the
difference. Bringing these to the public is up
to both the scientists and the journalists who
follow the story.

This essay began with the report of the dis-
covery of an interesting exception to a fun-
damental law. The law was not wrong as the
Newsweek article’s title claimed—it just
didn’t apply in that particular situation. To
be fair, the magazine’s editor might have
come up with the unhelpful title, hoping its
iconoclasm would attract more readers. Nor
should I blame the author. There has been
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no teaching on how to distinguish the dis-
covery of an exception from the overturning
of a law. | hope some journalists reading this
piece will pass on this way of characterizing
scientific advancements. It is among journal-
ists that my postings? on this topic have
gained the greatest attention.

Telling the stories

We sometimes overlook the fact that people
do science. Breakthrough ideas come from
someone’s creativity and imagination. There
are wonderful stories associated with each of
these events. We remember the stories of
Lavoisier’s postulation of oxygen as the
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significant digits is precise to one part per mil-
lion—with three significant digits, one part per
thousand, and so forth.

agent in combustion which then led to our
understanding of molecular structure, Ke-
kule’s imagination of the cyclic structure of
benzene, Darwin’s conception of the evolu-
tion of organic life, and Einstein’s interrelat-
edness of space and time, and many more.
These stories give life and meaning to their
conclusions.

We love stories, we remember them, and
sometimes they change how we think.

If you have comments, suggestions, points
of dissent, please send them to me at
enke@unm.edu. I would enjoy discussing
them with you.
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