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Abstract The thesis is that the organization, attitude®l customs of a scientific disciplinare strongly
influenced by the nature of the subject matter. A case stupiesented, comparing theoretigdlysics and
pure mathematics. These share a great deal, but differences in goals and subject toasteking cultural
differences and #ong history of culture shock at theterface. Ananalysis of this sortan beuseful in
developing sciencpolicy and managing change. Weoncludefor example that mathematiend physics
have different needs in ethical standards, grant support, and electronic publication.

Some cultural adaptations in scierax@ soobviousthey cannot be missefbr example
equipmentforces aot of herdactivity in some areas ("big science") while othezmain
more solitary ("small science"). Close inspection reveals a multitude of ways in evl@nh
narrow specialties have cultural aspects micro-adapted to efficient developmémeirof
subject. Most scientists, if theyan bebrought to think aboutulture atall, find this point
self-evident and concludinat culture will take care oitself. Social scientists studying
science think a lot abowulture. Unfortunatelynany of themasserthat it can bestudied
without understanding content, even that culture is primargnd determines content.
Neither point of view has led to a fruitful understanding.

In tranquil times there is not much needutalerstandtultural adaptation: the benefits of
adaptation push research communities in the right directions witbasatious effort. Un-
fortunately these are not trangtiihes. Support structuresocietalexpectations, andven
the publication and communication infrastructure @teon theverge of radicachange.
These changes will sweep awanany slowly andpainfully acquired culturahuances. An
awareness of culture and adaptation may make it possible reduce the damage.

We present a castudy, contrasting purenathematicsand theoreticalphysics toreveal
adaptation in both areas. This isedatively simple case becasevale spectrum of differ-
ences traces back to a single root cause: reliability. In otmses, particularly in experi-
mental areas, the roots of culture will be more complex.

The setting By "physics” wewill mean theoreticawork in areas likehigh-energy
particles, superconductivity, or quantumechanics: areag/here sophisticateanathe-
maticalapparatus is needed even to organize or interpadtata. By"mathematics” we
mean the "pure” areas in which abstraethematicabpparatus is developedhe point of
excluding experimentabhysics andapplied mathematics is to obtain relativédlpmo-
geneous groups. They are still richly diverse in their subculturethdwommonalities are
strong enough permit useful conclusions.

There is a lot of traffic between theaeeas. Physicisteely on mathematicalwork, and
many mathematicaktructuresare inspired byphysics. The shared use omathematical
apparatus and long history ofteractionhasled to a great deal ashared language and
strong superficial similarities.

Reliability and logic The key to the differences between these fisldems to be
reliability. Mathematics, througlogical rigor, can achieve essentially complete reliability.
Information in physics may be excellent but is never perfect. We reivarkhe reliability

of logic is an "experimentafact. The Incompleteness Theorem ®@bdel showedhat we
cannotprove that correct logic yields completely reliable conclusions, even if we set aside
concerns about the circularity of proving something about proof, or about human fallibility.



However as a hypothesis based on experigheereliability of logichasbeen extremely
well tested over several thousand years.

To illustrate the significance of reliabilitgonsiderthe use of proof by contradiction. In
mathematics it is a standard technique to begin with a dubious assertion and build an elabo-
rate logical structure on it. At the end something emerges whiatoisn to be false. The
conclusion ighat the initialassertion must also be falsehe usefulness of thisnethod
depends heavily on the complete reliability of logic and of the other informadied in the
demonstrationAny leakage will cause the methodf&il. The false conclusion at the end

may be a consequence of a flaw in the argument or an ingredient, rathtretfasehood

of the target assertion.

Mathematical customs have adapted to this difference between perfect and inmferfect
mation. The conclusion of amathematicablausibility argument is traditionally called a
"conjecture”, whilethe result of aigorousargument is called @heorem.” Theorems can
be used without fear in a contradiction argument; conjectures are a possible sairce. of
Physics does not work this way: elaborlaigical structures tend to magnifgrrors, so are
suspect. Adirect plausibility argument is usually morebust than an elaborate logical
"proof." Accordingly thephysicsculture places a premum ahort insightful arguments
(supported bycalculation:see the nexsection),even if wrong in detail. The "theorem-
conjecture” distinction is not particularly useful.

These differences lead to cultigieock. In physics conclusiofiom intuition and plausi-
ble argument havérst-class statusMathematicians tend tdescribe these conclusions as
"conjectures” still needingroofs, or dismisshem ashopelessly imprecise. Physicists
resentthis. Conversely physicistend to be disdainful ofmathematicalrigor as being
excessively compulsive about detail, amdthematiciansesentthis. But there aregood
reasons for the valudgld in bothdisciplines.The problemscomefrom customsadapted
to the subject, not xenophobia or a power contest.

The effects of these mutual ill-adaptations aresyatmetric.Mathematicalpracticesused

in physicsare inefficient orirrelevant, but not harmful. Physicplactices(no distinction
between conjecture and theoremsed inmathematics can cause harm: it jeopardszas-

dard techniques such as proof by contradictidrere iswidespreadeeling amongmathe-
maticians that violating these "truth in advertising’stoms should be considered miscon-
duct [2]. This is a behavior which is productive in one field and miscondwutather, not
because of contingent historical development of "standard practice”, but because the
subjects are different.

Process versus OutcomeThe decisive criterion for correctness in theoretical physics is
agreement with experimental observation. This focuses attention on outcomas cas's.

This point of view permeates even intere#fiorts in theoretical development that do not
make direct contaavith experiment. When a model is developed it is checked against
others believed to be relevant: special cases, the “classical limit", etc.

In pure mathematics the primary criterion isternal. The reliability of logic can be
rephrased asif an argumenproduces a falseonclusionthen it containgither a logical
flaw or an erroneoushypothesis Mathematicians havgone to some lengths to ensure
their hypotheseare reliable, so the absencelajical flaws is acriterion for correctness.
In practice ithasbeen very effectiveAttention isfocused onthe process (avoiding or
detecting flaws), rather than the outcome.

This difference provides further opportunities for friction. A mathematiciarotfanwork
of great technical power to thhysicscommunity and belismissed as having no connec-



tion to "reality”: no testable outcomes. A physidan offer work whichreaches a desired
goal by a magnificent leap of intuition, and be criticized for being sloppy.

There are many other ramifications of this difference in focus. For exangpleematicians

are more tolerant of apparenghpintless exploration, as long as it conformsirtiernal
standards of rigor. Physicists tend to be more relaxed about precision angidgarental

about significance. These differences cause problems in grant and paper reviews in border
areas.

Efficiency Customswell-adapted to the subjeshould maximizereturn on resource
investment. This means approaches seriously out of steplocdhcustomsmay be
counterproductive in someay. Alternatively, these customsiay reflect adaptation to
some influence other than the subject matter.

As an illustration we consider different levels of riggxpected in théwo fields. Years

often pass between an understanding satisfactory to physicistsnaattieanaticalemon-
stration. Isthe insistence onigor a consequence of being sheltered ftbendemands of

the real world? Or is it more efficient in some way? The history of mathematics reveals a lot
of backsliding, buthe predominent trend i®ward greaterrigor. Explaining this begins

with another fundamental aspect of mathematics: since it is (usually) right the first time, it is
not discardedOver time it may becomeninteresting or insignificant, but does not
become incorrect. As a result mathematics is an accretive activity.

In physics (and most dherest of sciencejnaterialmust be checked and refined rather
than simply accreting, and customs have evolved to support this. Duplication is tolerated or
evenencouraged. great deal of material idiscarded, andhere is astrong secondary
literature to record the outcome of thecess.These activitiesise resourcedMlathematics

lacks many of these mechanisms: the payoff for working slowly and getting it rigisthe

time is savings inthe refinemenprocess. Inprinciple the samegpayoff is available to
physics: ifcomplete reliabilitywere possibléhen themostefficient approactwould be to

seek it even at great sacrifice of "locapjeed.But complete reliability isnot possible, and

an attempt to import this attitude into physics would be ill-adapted and counterproductive.

This adaptatiorhas produced &ulnerability in mathematics. group orindividual can
disregard the customary standards and seem to make rapid progress by workingren a
intuitive level. Butthe output isunreliable. Mathematics largelytacks the mechanisms
needed to deal with such material so this causes problems ranging from areas frozen up for
decades, to unemployable students, to the outright collapse of entire schools of study [3].

As a second illustration afficiency we considethe "fad” phenomenon irftheoretical)
physics. It sometimes happens that an area becomes fashionable. There is a flurry of publi-
cation, with a lot of duplication. Then most of the participants drop it and go tfétoext

hot area.Physics haseen criticizedfor this shortattentionspan. But this behavior is
probably adapted tthe subject matterrirst, the goal is development of intuition and
understanding, and this is affective group activity.Duplication in publication idike
replication of experiments: several intuitions leading to the same conclusion increase the
likelihood that the conclusion is correéind after a period thasefullimits of speculation

are reached, and it iskeetteruse of resources tmove on than to try to squeeze out a bit
more. However if all activity ceased after a fad then eventually all of physics Wecddne
unsuitablefor further developmentDifferent activities continue: experimentalists test the
testable parts. Mathematicians clean up the logiagts. A few physicisteemain to distill

the material into review ansurvey articlesAnd after a period of solidification therea is

ready for another round of theoretical development.



Mathematicshasoccasionafads, but for the most part it is a long-term solitary activity.
The reviewing journal dividesnathematics intaoughly 5,000 subtopicanost sparsely
populated Mathematicians tend to bessmobile between specialtiésr manyreasons: a
greater technical investment is neefl@dprogress; biggroupsare seldom morefficient;
and duplication is unnecessary and usudliycouraged.These factors tend to drive
mathematicians apart. In consequence the community lacksigstens evolved iphysics
to deal with the aftermath d&ds. If mathematicianslesert ararea noone comes in after-
wards tocleanup. There islesstradition of review articles: since thmaterial is already
right there is less sifting to do, and less compression is possible. Shifts of fayidre
an efficient behavior in physics, but they are not a good model for mathematics.

These considerations also suggest ways grant progréghs be fine-tuned to mesh with
cultural nuances. The physics groagdivity is oftenfocused at conferences, whiteathe-
matical conferences are more oriented to communicegisigits. This suggestbat mathe-
matical conferences should (oaverage) be shorter and mdrequent, while physics
would benefit more from extended "summer institufefmats. Mathematical program
officers might watchactive areasfor quality controlproblems,and sponsor physics-style
review and consolidation activity. This might be a meffective use of resourcethan
supporting the presentation of the newest results.

Publication Papers in purenath and theoreticalphysics look similartreat similar
subjects, and often reside in the same library. However publication customs and uses of the
literature are quitaifferent. Physicistdend not tousethe published primary literature.

They work from current information(preprints, personal contacts), atite secondary
literature (review articlegextbooks).The citation half-life ofphysics papers is short, and
there are jokes about "write-only" journdlgat noonereads.Duplicationand rediscovery

of previously publishedmaterial arecommon. In contrastnany mathematiciansnake
extensive use dhe literature, and in classical areas it is commaimtb citations of very

old papers.

There are differences in the construction of the literaturgvels In mathematics the
refereeingprocess is usuallyaken seriously. Errorstend to getcaught, anddetailed
comments often lead to helpfidvision ofthe paper. In physicshe peer-reviewprocess

has low credibility. Reviewers are uninterested, and their reports do not carry much weight
with either authors oeditors. Published papease almostlwaysidentical to the preprint
version.

Oneview of these differences that the mathematicarimary literature is user-oriented:
genuinely useful to readers. In physics it is more author-oriented, séaxgedy to record
the accomplishments of writers.

These differences again reflect differences in the subjatter. Thetheoreticalphysics
primary literature is noteliable enough tomake searching it very fruitful. It records the
knowledge development processher than the enaksult. If material isincorporated into
the secondanyiterature orsome sharettadition then it is reasonably accessible, but it is
often more efficient to rediscover something tharsifothe primary literature. Aonse-
guence is that there it much benefit in careful editing oefereeing. This leads to
journals that are, ithe words ofone mathematician, "like a blackboaldt must periodi-
cally be erased.” In contrashe mathematical literature is relialdaough to be saluable
asset to users.

The differences in literatures have led to differences in setmatture. Asnotedabove,
mathematicshas many sparsely populated specialtiddore accurately these could be
described as larger communities distributedtime and communicatingthrough the



literature. Thisworks even thougtthe communication isne-way,because thenaterial is

reliable. Less reliable material requiteg-way give andtake. As a consequence working
groups in physicare more constricted ifime, and appear larger because tlaey all

visible at once. This also works the other way: a large working group with arledldgime
interaction weakens the benefits of reliability, and in fact larger groups in mathematics often
do become more casual about quality control. This in turn leads to a curious problem in the
mathematicainfrastructure.The leadership in thprofessional societies and top journals
tends to come from larger and more active areas. As a result they tend to underestimate the
importance of quality control to the community as a whole.

This analysis haspplications to thestructuring of electronic communications. Both
mathematiciang@nd physicisthave become heawysers ofelectronic mailand preprint
databases. Theoretical high-energy physics is particularly advanced due to the leadership of
Paul Ginsparg at Los Alamos, andtirat area the currepublishedliteraturehasbecome

nearly irrelevant. If paper journals perish aesult, readersvill lose the qualitycontrol,

and authors will lose son@editmechanisms. In thiarea the quality control isarginal,

and seems amall price to payor the greatly increasespbeed and functionality. Authors

may be briefly inconvenienced but new recognition mechanisms are already developing.

The needs of mathematics are different. If the phyesiesnplewere followed too closely,
and led to a significant decline in reliability wiould yield a literatureseriously out of step
with the needs of the subject. Sociological symptamght include the demise aparsely
populated areas and an increase in sizeraking groups. Newquality-control mecha-
nisms wouldeventuallyevolve, butthesewould take timeand are likely to bdess satis-
factory than the present literature-wickentrol. Re-adaptation of the social structungght
take quite dong time. Amathematics-specific electronic publication modéh greater
emphasis on quality control seems to be called for [4].

Societal InfluencesThere are strong outside influences on scieBoemeare accidental
byproducts of other circumstancér example the current underrepresentatiorsahe
racial groupsand genders surely results from social foraeeelated toscience. Amore
subtle example is given byHarwood [5], who arguethat theold Germanideal of the
"universal scholar” led to a larger proportion of "mandarins” to "pragmatists” in early 20th
century German genetics, as compared to the United States.

The more interesting influences avees purposefullydirected atscience.There are
inappropriate and obviously counterproductiegamples likeRussiangenetics in the
Lysenko era, Ayrian science in Nazi Germany, or church-controlled astrond@afileo’s
time. Some influenceare appropriate in principle: society can reasonably expect some
return on the investment, and is entitledotsh science in productivdirections. However
these influences can still interfere with adaptation tcstiigect, anccan be counterproduc-
tive. Forinstance Montgomerj6] suggestghat plasmahysics hadeen harmed by the
forced marchtoward fusion. For anore subtle problem we notkat it hasbeen NSF
policy for some years t@ncourage mathematicians ide computers. This is straight-
forward in appliedwork. It is harder to organize computation to provide tieéability
crucial topure mathematics. As a result quitdesv mathematiciansvho wanted to use
machinesfor more than e-maiand word processindhave moved to appliedreas. The
machine/pencil dichotomy alseems tattractstudents tappliedwork. This shift of the
entire field was probably not an intended consequence of the original program.

Many areas of science have been unusually frem@étalpressure irthe last fifty years:

in the U. S. VannevaBush's"social contract” led to uncriticaupport ofscience as an
abstract public good. In the Soviet Union it wadten regarded as "production™ atiebre-
fore intrinsically good. This era is ending [7]. Asience policy becomes more demanding



there is an increasing urgencydesign it to mesh witlthe culturalstructuresthat have
proved effective in exploring nature.

Conclusion We have presented an analysisied adaptation of culture and custom to
subject matter iwo scientificfields. Understandinthe differences leads tmnclusions
about interdisciplinarywork, professional ethicsglectronic communications,science
policy, and other "infrastructure™ issues.

There are several cautions. First, this should be seen as explaf@tiohservedcultural
differences, not'proofs” that theymust exist. Secondpot all cultural differences are
related to subjectatter. Differences caoome from societalinfluences, as discussed
above, or from thingske "founder effects" where personalities @rcumstances of the
formation of the field have left a lingering imprint. A final caution concénesirawing of
boundaries Micro-adaptationproducescultural variation on finescales. Forexample in
experimental biology there are adaptations of researchesrgadism toeach anothethat
drive diversity on a very small scale [8]. Consequently the strongest conclusidinstede

to small scales and larger scale comparisons are limited to commonalties that treotsd¢end
variations. Puremathematicsand theoretical physics for instancehave significantly
different commonalities. Applied mathematics is closer in spirit to physics, and -- curiously
-- experimentaphysics hassimilarities to mathematics. Lumping togettadir of mathe-
matics, andall of physics, wouldhave givengroups with enoughnternal diversity to
overwhelm differences between the groups.

There are conclusions thie largest scale- all of science--- just fromthe fact that there

are culturaldifferences. Interdisciplinarworkers shouldespect other cultures; there can

be no detailed uniform code of ethics; science policy should mesh with cultural adaptations;
area-specific nuances of publicatishould be preserved ithe transition to electronic
formats. Generally, ane-size-fits-all approach to any infrastructussue will be sub-
optimal.

Finally, there are many other cultural divides in science resuftiogy differences in
subject matter. There is the large science -- small scaivision mentioned irthe intro-
duction. Someareas (the genonmoject, x-ray crystallographygre primarily oriented to
the production and analysis of data, while others (mathemtitg®eticalphysics) consist
almost entirely ofdiscursive argument. Subjedtsat require sophisticatatse ofstatistics
can be expected to difftrom thosethat donot. Subjectslike evolutionarybiology and
astronomyare orientedoward explanatory storiethat organizeobservation,while the
classical laboratory sciences emphasize tesfabldiction. Purelyacademicsubjects differ
from ones with significantommercial or nationadecurity interest. Ayreat deal ofvorth-
while information should result from analysis of cultural adaptations to these differences.
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