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SPECIAL FOCUS OM INTERNAL WAVES

34 Spontaneous generation of internal waves
Callum J. Shakespeare
The waves sesponsitle for ransporting enegy in the odean and
Fimasphere ar2 nob solely 2 procuct of the combined Farces of wings,
tides, ama mauntains.

40 Ohscure waves in planetary atmospheres
Erdal Yigit and Alexander 5. Medvedey
Qe Earth and on ather planess, interral gravity waves shaoe the dynamics
and thermodynamics 0 the almasphere.

48 Putting the squeeze on axions
Harl van Bibber, Konrad Lehnert, and Aaran Chou
Microwave cavity experiments make a quanturm eap in the search for foe
aark matler of the universe,
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Erdal ¥ici and Blexandar Medeades discuss tha rale of gravity waves
in the atmozpaeric dynarmigs of Japer Lanb, and o= pangts
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Callum J. Shakespeare

—_———
The waves responsible for trafsporting f;_ﬁ "'il_,
% E
“.energy in the ocean and atmosphére are not %

solely a progduct of the €ombined forces

of winds %ides, and rr';bttain . “&

Pacallel bands of clouds over Comtral Otaga, Niew Zoaland. (David Wall'Marry Stock Phato)



ook up at the sky on a cloudy day, and you often
st gels of parallel, equally spaced bands of
i dmﬂsﬂwmtheslgmmte of a type of wave
'hm as an-internal wave, Although wvisible
ma'&rml;-r the right conditions, intemal_wam

state, In&mql

!'Bshlmlh resganchers m#ﬂ that omiy mechanical
: -#ri':l.ng or dinect thermal displacement of e system from its
Balanced state could gemerate informal waves. Howea,
s recend wrk shews thata spontaneots imbalance of the
mmmmm ar armplify fiem without any divect
M%mw'}mhﬂmnm o the nisle
of waves in the dirculation of th: stmosphen and ocean. (For
TR E Hmﬁmhpﬁmﬁthamm sue the ar-
ticls brm?ﬂlfw .ﬂlﬁll'rl[lrguh'hdwdw on page 40
of His ks )

MMMﬁrm Il:qgﬁ#h::r an oanan ire near

cousing of intermal waves, and fluid dvnsmiclsi call them

surface gravity, or just surface, wayes. Sinong shorms geresate
weirface wanves, which are perdodiv oacillations i U height of
the wator, and. they can propagate 10000 km across entine
wwnriet basbn bedvine they Break o your bocal busrclr. T mai
tion of surface waves is confined to the troedimensional sar
face of the coean, fF'r rrmitrast, indarnal waves, which storms
also gemerate, propagate three-dimensionally through the
aeran’e h.l.njhr L8 ;u.m;dl: m{!mhm in thy hrl.gH af

ves - extract and l‘rﬂmpdltmrgy three-
dlm-cnmnaﬂy’hﬁm rdmu:ng it to large-scale circulation.
o

utttibiod comstant-density laver. For soome
intermal waves, thee oscillations ate @ buns
3 deed molers oF more in amplitude—far
larger than surlace waves.
Adl weavass have  dispondon relation, whidh quantifies the
relationship betwoer wavelonath and Irequency in terms of
carlain phyeical paramotess, The b impariand porasricters
for internal seaves ane the Coriolis froguency and the buoy-

Janey Srequency. The Corlolis frogiseney §is the venical com-

poiment of Eart's mtation vedorat a fixed pointon its surfaoe
anel clepemds on latitade: Thi value of £t e minimom

“frogummcy T intarnal waves, Those osillating at that fne- g

guency are calhad iertial wavios, snd ey propagste o

onttally, as shown b figune |

*The baoyancy frequendcy WV is propotional to the verticsl
e of ehange in the density of the amosphere or poean. It
is the natural frequency of oesillation edwn o volume of |

et flukd G5 displaced into the lghter Mubd above e vioe
_wrm-md it debermings e maximurm fregpency fur inbernal

waved. Theosd af e buoyancy Tregquency are called gravity
waves and propagate purcly in the vertical, Infernal waves

with intemediate fo :F.p.-n:dﬁ prcpagate buth loeizonstiy

nnd vertically,




INTERNAL WAVES

INERTIAL WaANE

In thie midlatitudses, ilernal waves in the n:mmphm- anal in
the ooaan are rpically high frequenc: with pariods of 20 hours

or leal, By comilrasd, el cireulation i the ooesen sl
atmosphere varbes showdy enugh = with periods of months 1o

woars — Hhirk by e twabed a8 halanond mation. I geopixdeal
Puid ynrics torms, balanoed motion dies net scoskrate nels-
e to 0 fixesl poine en Earth's suslsce. In the atmespien and
o, il of the coroulation is in thermal-wind balance, whene
the provsure roalting Som s horizonial density grsdient is ooun-
terncied by the Coriolis force from Vanhh rotation. Such dendty
gracivnts, o frimits, in thenmal-wind balance are abundant in the
atorvosphiere and oocan. Ammnosphesic high- and hve-passuse sy
perrie = anicl thaie oovan sguivalend, known as misosoale eddios -
aliyexisl n dstabe of near thermal-wind halanas. Hawever, d all
thine syniems ane belanced, hony do they Lose enerpg: docay, end

Tl inCieases

FIGURE 1. INTERMAL WAVES. The lowint-fraquancy imenal waves
are irertisl waves, which cicillice a1 the Corclis frecsency fgraen
iy thie vitical componesy: of Zatlvs rotation vector at a fasd poirt
an ks surlace. They prooagate horeentally 2t speed « = £, where &
is the haszontal wavenrebed The highest-frequency intemal
waves, GrEity waves, osclate at the buovancy fiequency M and
propagate vartically at speed ¢ =54m, wharz m s the wertca’
savesgmber, Intertradiate fraguency intemal wanes propagate
bmh huﬂmntllly an‘d wﬂkﬂ'_r.
otherwine evolve over e And howy ane unbaianoed motions
such a8 waves gonered

Trvbernal winvws brspot significant energy and momenarm
from Wwir sources, vssally near fuid bourdaries, into e -
terlgr of both the atmosphere and ocean. I fre waves have
large enough ampEiede and small poough scale, they break
and dissipate, causing mising and the aotoleration of S bal-
anced Sow A wave's groseth i a conseguene of ey diffenent
mechaniema, inclucling changes 1o the density stroctune of the
propagating medinm, incradions with cummts, construcive
imterferemeon with et seaves, and other neractions. tn the az-
moaphere, breaking moernal waves contribume ko the poleward
flevwe ok i in thae i be stoospiens (10 km bo S0 km high) and
theselore Felp sustaln the Bamers-Dinbaon ceculation. whensn dr
originatig at the surfece in Sw opios cyches 1o higher altiudeo
thuen podeward, This, imeemal waves s a crual component of
wenther andd climate model? Wave brpaking (s also wially im-
partenl n (ke ocoan abyss, below o depsh of 2 ke, wire it
drives the mixing of dense oeaber with the lighter watens above
(e L article by Acele Morrisom, Thomas Prdfiches, nd oo
Sarmiento, Prysics Tooay, Jancary X015 page 27 Without
that mindzg thene would be no overtoming of S deop oosin.

Forced generation of internal waves

Hane yol over Bown of @ comimmerclal alilaner ﬂ'_l'iﬂ,ﬂ, OVET &
mourlamods reglon and Been warned to return o your seat
and buckle up? The sky cuside the windows mav evon have
Teskoend e, bul the alrcraldl soon started shaking ard vibrat-

g That muotion was dee 1o a region of
> clear-zir turbulenice nepically cesed b
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she Bevaking of 4 mousban wave” Water
ar alr flow over suriace wopograph, or
arography gonerabe mouniaon waves,
alis bnown as arographic winars they
ane the most studind and most prev, alent
type o nteamal wave in the st osphene.
Sommee manintnin waves break al low lev-
ele near the mountaing. Oikers break in
the lomer stratosphens, at the typical
cruising altitudes of et airkners, and
prescnt a significant avistion hazaed.
Mountain-wave ganeration nelics on

FIGURE 2. FRONTOGEMESIS. In the lowsr inrage. 3 front farms beowaen high- pecsure
{8 e b pressure (1L} weethier systems; lobars are shiown a3 solid Bnes, kothames
{dashed bnes ame squeeed together Ir regions of conftuent Nlove whene there B a lem-
e auae anoraly (pinkl (Aaspted froem sell 5000 the upper imacd, the Nav ot
stratchaes oot 20 initlal tomperasure ancimaly (oo Oadle, et into a frort Though acve-
tion. The circulation in the cresi-dront plane (bdus lmel i shown in Bgune 3.
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FIGURE 3. FRONT FORMATION AND
SPONTANEOUS GEMERATION of
irternal veaves with paramreter walues
appropals for a weather fromt

| |5 L
| 1 PR I

1
| | TRy

s S

f —I -SO00 O EG 000 -100d 500 D 500 1000

Cronsiont posiion jkm]  Oross-front pusition fkoe]

sirffichantly fasl neargromnd fones ard @ stably smatified -
moephere, which provides the restoring foroeon the wave. The
sopographic shatacle, of length i ruashed che fos, ot specd L
L agai_nst e fiaroe of eravily e over it 1F the rate of deflec-
finn e s S minimam fregueency of az internal wave - that
s, 4F UYL e e winvers e radllated, T nomaimernsioeal po-
rarmeter LTI i8 known as the Hossby nurssber, . alfer famesd
Meeld dynamiciet Carl-Gustal Rossby {zee fhe artidle by Jim
Flemning, Frvsacs TODAY, lamwary 2007, page S, and i8 ohe of the
ot troorant paramieers in mesesology and oocamagraphy.
Mleranbsin svaves alag nooar m the ceep ocean, when abyvssal
vuarrin s Now over seatloor mpography, However, the currenis
aine alov, with a simalier Regebre numbes, compansd with theis
atmuspherhc counterparts, As @ msald, mourkin waves ane less
comrmon in the nosan than in the atmosphons Inestead, the pre-
dominant mechanizm for wave generatios in e deep acean i
e interaction of che tide with sealloor topography. The gran-
itatiomal pull of e Moon —and to g lesser exbonl, hi Sun
drives the tide, which is o daily or higherfrequeseoy Bulk o
tion nf the waber column: That shoshing of stretiSed waler Dack
and ferth over the seatloor dizectly radiates internal wives ot
thit ridal frequency. Tidal gencration comevibutes aboul 1.5 TW
af ey bo e orvan wave Beld; mountaia waves' add only
02T A Bl sonseod of ntennal wives unique bo the ocean has
alreacly beer Fentiosod —sbofsis O, b0 preceey, air curienks
perindically forcing the odean sasrlace. from abonee. Stirms ©0f-
tribsuile abewt 03 TH of energy kothe coaan's indesmel wave fold.
Thi processes descrbed thus far are examphs of foed
genavatbon of internal waves. Thay rely on direct high-fre
gquency borcing, sech as thcles o winds, or interaction with an
excbernal Bodv =for cxample, masuntains, Let us boen our athen
Lion o the geseration of waves without forcing o interackion.

Frontogenesis and spontaneous wave generation

e theore of sponzeneoss gemarstion origioasd in the shady
of weadher Fonts ad Baie feomation, of frontogenesis, B

~pann -E00 S U0

Crnesfrons posdtion (ki)

Initially (e, the fontis smooth with
i o and weak upwalling on tha
warm sioe and dovenwelling on the
caol side. Thie thin Blads lines are
isotrerew, aad the thick Back arrees
naicabe the girculaton. Eght hours
later beentel, the front has shamened
ang exhilsts strenger droulamion, Afer
15 bcars Inigihitl, th frane has
sharpened 15 8 point where sporta:
neais gensl ation |5 possible. The
genedated eeves, Indicated by dashed
rToves, propagate up and weay from
the fronL

-

[mhaoh A LE R0y A I DITEEA

(B L]

e e fronts are associated with
oxtrerie woeater such as rain, hail,
andd =pow, frontogrnesis has been
the fises of much diEcussion in at-
moapheric Nileratune ower the past
cenfory. It occurs b the region be-
pvvve b he anad fovepressine sysbems whene the ow i comveng-
ing. a8 snown i figune 2 Such Elow comvissguioe squeenes and
sharpens any existing anumalowsly sheep femperature gradient
o an idembisiable lempecatune front.

I 1968, during his I'hD) wistk &t the Liniversity of Cam-
sridge, Brign Hosking formulabed o mather tical model of
frontogenesls.’ It describes bow a ciroulation develops ardnatid
a front that is fnilally in thermal-woind balarcs. The confluenoe
o the high- and low pressire svstems drives cinoulation with
Mluid moving up on the warm side and down on e oool eide,
Figure 5 shows the prediched Greulation and femperature
slrpcture acrons thi front over time. In she fgane the cicula-
then intinsaifies as the front sharpins over gight hotirs. A ool
el of she Flesicns mindel is that the front remains o a bal-
anced state theoughout its evolubios. As i sharpens, hosever,
thal ro-accolera fion assumption begins m break dossn, and in-
formal weaves [onm SponLane oLy

The mathereatical desesiplion of spontansius genefalion
moquies an extension of the Hoakin model te include the un:
belanced cross-frontal acceleration that leads b waves Ina
case 0f acadenic symmetry. | developed that extended
model in 2014 while weorking onomy FhD at the University
of Cambridge.! The extendod model depacts from the
Hosking model only whes the fiont becomes mafficiently
eharp itnd the convergence of hotand cold regions is BLiti-
whenily st

Mechanistically, spoalaneous miermal waves ane assogiated
wilh the rapid vertical displaceswnt of fuid in an othervize

sably stristifed savwironment; similar o mouniain waves, Con
sbideer & amall arvosent of Fluid, a “parcel,” on the warm side ol
the fromt. The large-scale comargence pushes the parce] to
wand e front and then spward, against the restoring force of
gravity, into theoooler ambient air abuove 1f that process occirs
fasder than the minirmm fragquency of an inemeal wave, then
2 wave is generabed
A the frone sharpess, the ceculation increases, as abiown 1o

[
[
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N, SPONTAREOUS
CERERATION

SURFACE COLLY FROMNT

FIGURE 4, AN ATMOSPHERIC COLD FRONT with laige-ica'a
zofluent e reoving left to righe, seich drives circusation jred
s arourd the front i the plane of the page. The rising air
shieest of the from causes dauds and precipitation. Wane: ase
spantaneaushy genecated al the wefsce fiont and propagate ahaad
ol it dyellow arroees]. Socme propagete tirough the repopauss Into
the stratesphere; they crests bodzondal bands of clocds athe
imerface throwgh the roduction of mols: rropospheric alr,
Uitimately, thode waaes transfer momentum Lo the sianossher
circiatisnn. Cifver waves refleet and form raposphare-tapped
standing waves whith may themsehes cause clouds and rain,

fgare 3; lf‘}-."xtu'r.i.-:g convergenl oer deflacks fasber arcund the
front and will reach the minimuom-frequency erterion unless
fromtogenesis b Ralied by feethmal processes o dynamical js-
stabilities. A sharper front leads 1o a higher amplituds and
amaller seale of the -Eq'r.e'.'aﬁxi weanee. Tha |.'||rwul'1bﬂﬂﬂ-.’:-w traps
the wave Ina location where its horizontal phase spoed iscqual
and opposite to the fow soeed, soch that the wane appears aa
@& mearly steady feature of the Jove. However, the wave propa-
gtey vortbeally and carrivs enorgy upwnrd. The bislized matis
eratical model predicls svmmetric wave generation on either
side of the fTont, bt in ]:!r..1rﬁrr, _g-nrer..!tinn [k ] pret'urn.-n-
trally on the wanm side, where the swiface pradients are larger.

Waves generated spontanecusty #t atmosphetic fronts have
a significant effst on the weatler A cold frand, skown moving
tov the right in Sgure 4, sharpens due 5o lsrge-scale comvengent
flow and gererales fnoatal clroalation. The iising air ahead of
the front forme chouds, When the front sharpens suficiently, it
generates waves {vellow wave aiows) propagating upsward
and ahead of the front, Somw gererated waves, tvpically
smaller-acale prws, propagbe directly into the stestorphore,

38 PHYSICS TODAY | JUNE 2019

They are responsiode for the long, parstlel bands of douds seen
om page 34, and they contribute bo the large-scale atmospheric
circulation when they break and tansfer momenium 0 (e
Balamced o

ther g\mcrilc'l‘l WAV, t}'piﬁ:ll}‘ 'I.:urgc:rrsn::lh.- Oy, -
tribute qr the fommalion of stores abead of the advancing cold
fronl.’ The formatien relics on a woakly stratified region in the
upper fropesphere that retleces upwand-propagaling waves,
w hich Lhen inberfere with the reflected waves, A standing wave
banild= and pn:l'uphsahl.ud oo #e fromt dinti! it Becoanes shics
in the onoomdng convergent dow. The wave stays abead of the
fromt and creahes ome or mote narrow bangs of vertical motion
with tepical widihs of one ko tens of kifometers. Those bands
produce clouds, precipitation, and strong winds®

Frommopgesesis s sponfnesmes generation ane ot unigue bo
thie bepes of fow described (hus far, although thoeee ane tha maost
common frontogenctic scenatios. Besearchers obseres similar
et in Froes woth lows whose velociby changes wilth height”
Al mecharisms of spontaneous generation share & commesn
property: The amplitude 4 of e gensrated wave 1S expontos
tally small * in Rossby number, A -«"", Physically, the result
mweans that spontancos generation exhibits a theeshold behav-
iz Amplitudes are significant eolly once the Rossby number
exoveds a critical value, which theory estimates to be U15-0220.
An immediabe cmseguence s thal spontineous gencration is
localized in time and gpace fo regions that satisty the thresiold,

The ocean: Spontancous o stimulated?

O Sovr regimie i which the Bessbe number theeshold is con-
tinely excesded i the ocean submesoscale, a scatter of density
imomts and eddies with latera) seale of les than 10 km and Jo-




In the ocean conbext, fecent
work on sponlanaous and stime

FIGURE 5 STIMULATED EMISSION nrous whes & pressisting
i wrane J00don Inkeracts with a dipale (ack contous shove
flowsi, o doulde ety 19 the parel sequence, the digole weakens
weith Lime a3 its energy bs taastored to thie wavee. The weveti helght,
g here in TeeTns of W bloyancy, increases with tiree a5 (1
Gl enandy. B Guast ot are eaprrsaca ' nodimendkonsl units.
..Hapla.d -frnn w“ 120

calized pri rr-anhr .nlh-*..pi:rr il = uidu OoRArn, Lugofr'imi
amal shweazs froun Lhe suroounding turbodent Sow prinse the dens
sily froals &t the submesmiele for speclaneous peneration.
Rocent nurserical models attempted to quantily the global en-
ErgY SARAkT b0 waves avwockabed with spontareous gencration
in that negien.** Those studies found that alt=ough loval en-
ergy fiux from sponteneoushe el waves may be large,
the amsa-averaped values ane nelatively small and acocunt for
LA TW of wave generation whebelbs of 1710 of the 0.3 TW due
o winds Sporanas generation contribites oo, Bl s oot a
dhominant souroe of, wanee erergy in the doan.

Spontanoims genesalon is o mecharism for rransierring
emwerzy from balancod thow o unbalanoed waves, The search
for ather links between balanoed and urbalanced fow is a
makor foows of the cocasography community. Recenl work pro-
prosars @ new mwechiendaes called stimutated eodssion, the irans-
ter of energy from balanced thew fo o preesisding wave cather
tham the generation of new wavcds. Stmulated emission does
mod pequiee a large Rosshy mumnder and Shwretoee transboes
mrich mone enecgy. Theoclils have developed models to de-
sCribe e dk,‘lﬂ:‘l‘l 5 af shmaalased emission af kow Rﬂgd.c;lq.-
T, where the belanced fow is well undersiood, * The
resulls of one model ane showr in e 5 The mode] starts
with & vnitoom wave and a localieed dipole, or double eddy.
The dipole kocally squecaes and amplities the gradien's of the
WREVE, A e wave's enwrgy incneazes with lime o5 the dipobe
loses. energy. Stadies using rrore roaEstic modela™ ™ sugeest
that stiryedasd emission ooours freguently wihe oocen, espes
clally iry pespomse to wind oecdng. Che snudy™ reponted a 50%
enhancement, o abowl (001 TW glebally, in the onergy in wind-
generated mbemal waves, ab the eapense of balased Mlow,

Outlook

Blamy quentions renrain abons the importance and roke of spon-
Loyl goneration ard relnhed prooeses. such o stimulated
ervivskon, i creating (ntemal waves, Those questions faae im-
poitant corsaquenass A the Helds of coranography, metoo-
robhogy, and cmate schenoe,

wlated emizshon showed that
intermal wanes sometiowes gain
energy (o and lose encrigy ke
balanced fhowee That body of
g workshiits the Seld away from
the classical paradigm that
winds lides, and topography
force intermal waves, which
then dinectly dissipate their
energy and drive mixing. The
energy  pathways between
gencration ard dissipation ane
vonsiderably ovore complex.
and understanding them will l2ad 1o better conssraints on the
varabilily and becation of wase-driven mixing and the associ-
aled etfocts on oocan cinculation

I the atmcephere comtoss, seseanchess are interesiod in
GuRntibyvin g nononograpiic sonrces of internal waves. hlidlst-
e fronts are msdor sources of nonotographle waves, and
sponCanCoy pemenibion is one mechanism for generabiseg fhose
wives. Allhough monorographic waves ane locally less intense
thag mwpumstain weaves, wibich are higghly localined with Large am
pittudes, dhelr comulagive contributon may be comparable”
They are often maor inchaded iz global atmospheric masdels be-
canne of the uncertainty in their spatiasl and semporal distribo-
tion. Theoretica advaroes ane staring bo correct the situation,
brut soware weetk i needed vo translabe fdealboaed iheoretical miod-
et intc more mealistic setlings. Given that nomoregrapiic
warves mity contribauie substantially s circalation o the middle
atmosphery, their inclusion in models should impoeoe wa-
somal amd multhyear fosecasting,

Fasearchoens have mde signilicent progress in their wnder-
standing of internal waves In the vosan and atacsphene
throwsgh & combination of cbservational, modeling, arnd then-
retical achvances, only a small subset of which are discussed
here. Speatacous gemeretion & one gement of that waek,
which broedly examines the interactions of enbalanced fows
with the large-scale balanced dosws ol dominane our dimate
and wonther

A5

Wanoe baoyancy
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Obscure waves
in planetary atmospheres

Erdal Yigit and

Alexander 5. Medvedey

On Earth and on other planets,
internal gravity waves shape the
dynamics and thermodynamics

of the atmosphere.

n 1892 the Arctic explorer Fridtjof Nansen experienced the phenomenon of dead
water when some myslerious force brought his ship ko an almaost complete stop.
Seafarers had long known that effect and superstitiously linked it to curced
drowned sailors holding onto the vessel. Nansen later asked a doctoral student,
Vagn Walfrid Ekman, to explain the phenomenon scientifically. Ekman’s thesis
became the first academic work dedicated to explaining internal gravity waves, He
attributed the dead-water phenomenon to lighter fresh water from melting sea ice
sitting on lop of saltier, denser seawater. The slowly moving vessel induced waves al
the interface between the two layers beneath the sea surface, so its propulsion energy
was washed in making those waves instead of moving the ship. (For more on internal
waves in the ocean, see the article by Callum Shakespeare on page 34 of this issue.)

Waves are ubiquitous in bolh e atrrosphere and
thee ocean The most [amiliar are sea waves: Almost
evervone has observed huwe water waves travel along
the peren's susface, arow in size, and then break as
they apﬁ.nmch the coast Waves can be viewod as a
collortive phennmenon esulting from cecillations
arvend equilibrium of meny meghboring r..'.m.'la i 3
miaterial, They can bransfer enengy without any ned
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sransport of material. Gravity waves, loe those cone
sidered by Ekman al the inferface hetwoern bwo Lypes
of waler, are simitar s those on the sea surface that
diwiclie demae waber and lemEous air. Yhen a fluld par-
zel ia displaced verfically, the forces fhat counterack
the displacement ase buovancy and gravity, Cons-
guently, such waves arealwrnativels called buovancy
or gravity waves. {The latter shouid not be el used
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,  archad choud foermations that mndicate
atrraphani ey waves, (Courtey
of Jacouers Deschole, MODIS Rapid
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Putting the squeeze

: ON AXIONS

i

Karl van Bibber,

| Kanrad Lehnert, and Aaron Chou |

|
: Microwave cavity experiments
| make a quantum leap in the
search for the dark matter
of the universe.

1 part i 10 billbos — jost by dumb luck

Crr mot? Im 1977 Standond University
prpsicinis Robeite Peceel amd Heden
Quinn coneeived s minimal and ap
peuling theoey by which F wimild be
promoted to o denamical variable. Juss
bolow some large emergy scale, B

ixty years ago Norman Ramsey and collaborators
asserted that the neutron’s electric dipole moment
(EDM)—a measure of the separation of its positive
and negative electric charge —was consistent with
zero. Mote precisely, their experiment! bounded

the neufrons EDM at less than 5 % 100" c-cm. Today, that limit is
3% 10 ecm, and experiments under development may push il

lower by a factor of 106,

In the parlana= of fundamental symmetries, the strong in-
teraction is ssemingly profected from CP-violating eftects, ahete
CP ks the produc: operaior of charge conjugatton C and parity
P I the 19505 theorists kad no comgselling reason o espect CF
violation —ndeod, Tamg-Dac Lee and Chen Ming Yang did
ok believe that a nonzero neutron BRM would ever be found,
hatigh it was a worthy experinienial quession. However, with
the advent of quantum chromadynambes (QCTY) in the 1977,
a mapor problem loomed: The theory snavoldably inchudes
CPviplating angle O assodiated with topologheal configurations
off thie QCTD ghuon tivld. Fos any generic value of &, e neutnon
EDMM shoubd be o whopping 107 cem. The value implied by
experiment s highly improbable: IUs a2 if you spun a foulete
wheel, and il came 1o rest at the winning aumber to with
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would assume a random value at cach
point in space, Bul in the be-enengy
lierit of the thoory: the mentiivial “wash-
board® potential of the (T} vacuuin
would drive @@ fo the CF-oonserving
minimem. That would be nice and tde

Haonwever, willin a few months, Steven Weinbeng and Frank
Wik independently realized that the remnant sloching of
the @ field arcand that mumimuom i.l!'lpli-.'d thes exislence of an
elementary particle eallod the axion—the smoking gun of Pec-
e and Qninn's fhasnry — whose mass is possib by a tnllion times
Hghter ian an electron. Fyven such a light pacticle could, if sul-
ficiently ehundont, constitule the 27% of the mass—snengy of
the nmiverse Uhat is dark matter.

The story of the axkan and ik connection tn dark matter js
delightfully told with deep physical inbuition in the form of 4
falile i which graduste stidents play snooker on hars (soc the
arficie by Plerre Sikivie, PHYSICS Tonay, December 1906, poge 22).
I the current article, we foous on the ongoing experimenial




JUME 2049 | MHYSILS TODAY 43



