
contrasts of a f e ~  oercetlt or more. which IS 

ainple to affect dynatnics. 
In  vie\v of all the comnlexities, how does 

ilne approach the  questiiln of why the  outer 
platlets have jet systems, long-ltveil ovals, 
and all the  other ilbserved richtless ilf me- 
teilrillogical liehaviilr? Chil and Polvani, in 
this issue (6), iiercribe the  behavior of a n  
extremelv iiiea1i:ed matheinatical inixiel and 
show tha; the  model reprixi~lces several fea- 
tures of the i lbser~ed nlanetarv circulatiilns. 
T h e  model representi a th in  l~omogeneous 
"ocean" of depth H, o n  a planet of radius n, 
surface acceleration of gravity g, and rotation 
period P. It has n o  tllermod\-namic forctng 
and is initia1i:ed with a randilm \'elilcity 
fielii. As Cllo and Polvani iiiscuss, ilther 
~vorlters have stiliiied sitnilar models (3, hut 
this is the  first time that a serles of exneri- 
lnetlts have been carried out f ix  nil unfilrced 
flow in  full spherical geometry and for n range 
ilf parameter values spanning all t he  outer 
planets. T h e  idea is to discover the  key pro- 
cesses a t  work b\- isillatitlg thein in a very 
simple calculatiiln. 

T h e  calculatii~ns represent extrelnely in- 
teresting fluid dYnamical results. But what 
does ixle learn abilut the  planets from quali- 
tative agreement nvith oliserr.atiiln in this 
model? T h e  nlodel has not  been demonstrat- 
ed to lie i lniqi~e in showing agreement, and 
therefore anv conclusions must be tetltative. 
O n e  point of i l~~pilrtatlce is the n-idth ilf the  
iets that emeree. T h e  model contains three " 
scales: the  platletas\- radius, the  "ileformattotl 
radius." and the Rhiiles scale. T h e  defilrma- 
tic711 radii~s, frotll meteorillogy, is LD = t'gH/R, 
where the  rotation rate is R = ?n/P)Tlle 
Rllines scale (Lp) ts given by Lp = uL:n/R, 
where Li is the  inagnitilde of the  flow speed. 
Rhitles (8) has shilu.11 that in two-ditnen- 
sional f l o ~  o n  a rotatine sohere, a n  inverse " 

turbulent cascade ilf energy ti7 large scales is 
interrupted at scale Lp, and alternating jets 
can arise. T h e  spacing of jets in the C h o  and 
Polvani esnerimetlts, after initial transients, 
turns out to lie iln the  ilrder of Lp But then, 
what sets the flon amplttuiie C' i l t l  which the  
Rhiiles scale is liasedl This may depeild o n  
therini~dvnamics and remains a n  unanswered 
questiotl: It is also possible that the newsiinu- 
lations are nilt based o n  the  relevant defor- 
tllation radii~s, and that the wrong regime, in 
terms of the ratio ilf Lp ti7 LD, is being ex- 
plored. As C h o  and Polvani point ilut, it is 
not  at all clear what value of LD (if any) is 
appropriate to simulate the  cilrrect planetary 
dynamics in a tn-o-iiimetlsional model. 

But if the C h o  and Polvani calculations 
have iiliieed captured the esseiltial physics of 
iets and eddies i l t l  the  outer planets, then the 
thermodynatnic cilinplesities descrtbed above 
f i x  deep artnilspheres are incidental, and 
flutd dytlainlcs cilntrols the  gross structure 
aild the visual appearance of the  outer plan- 

ets. If true, this would be a strtkitlg conclu- 
siiln, simultatleously simplifyinp a i d  cilmpli- 
cating. T h e  fluid il\-namics is turbulent and 
nonlinear, yet leads to llighl\- organi:ed and 
persistent mean flows. 

T h e  simulatii~ns do nilt prililuce eastward 
currents at low latituiles ilil Juptter nnd Sat- 
urn. Obser\~atiotls show strong eastward equa- 
torial jets, nh ich  are particularly pil;;ling be- 
cause they represent concetltratiixls of angu- 
Ins momeil t i~m (milre rapid rotation than the 
average). A n  angular momentiuin pumping 
process is needed to inaintain them. Because 
these jets are o n  the  equator, the\; canilot be 
nroduced by oolenarii drift of gas that con- 

not well constrained. It would be useful to  
ha\-e detailed tllaps of velilcity fields within 
Jupiter's clouils, so that statistical properties 
coilld be compared with numerical siinula- 
tions. T h e  NASA Galileo orbiter may oh- 
tain such data during the nes t  2 years. I t  
I~OLIILI also he useful to have inore probes 
beneath the  cliluils ilf the  outer planets, ti7 
better define the  depth and the stability 
properties id the flilrvs. 
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Cuprates Fa into a Gap 

S;iloerconductivit~- occurs in a metal when it 
is e;lergetically favorable for the electrilils to 
fort11 Coilper pairs. Pair filrmation caures an  
energy gap ti7 ilpen in the electronic spec- 
trum. T h e  pairs may be destrilyeil in  the  pres- 
ence of philtons ilr thernlal fluctuatton etl- 
erg\-, liut only if the  itlciilent energy exceeds 
the energ\- g a p  Therefore, the  gap is a mea- 
sure ilf the  r o l ~ ~ s t n e s s  of tlie si~percotldi~ct- 
ing state: T h e  larger the gap, the  hipher the 
critical temperature T... A decade after the  
iiiscilvery of high-temperature supercilnduc- 
tivity in the  cuprates, persuasive evidence 
has been obtained for a partial gap that opens, 
not at T,, but at a temperature 100 to 150 K 
higher. Is this higher tempernture gap flag- 
ging the  existeilce of a n  exotic electrilnic 
phase or merely a llarbitlger ilf supercotl- 
i i~lc t iv i t~;  itself? Holy Joes the 11en.l~; discov- 
ered gap affect the debate o n  the  nature ilf 

electronic escitatiilns and the origin ilf su- 
~~erc i~nduc t iv i tv  in these renlarkable soliLls? 
These atld other Issues cilntinue ti7 roil the  
field. In  this issue, Loeser z t  nl. ( 1 )  report 

photoetllissiiln spectra that liritlg this higher 
gak> illto sharper relief. 

In  a nhotoemission experiment, electrons 
are ejected when the sainple is exposed ti7 
vhiltilils. In  the lnilre soohisticateil techtliaue 
ilf;~ngle-resillveil photilemissiiltl spectroscopy 
(ARPES), i l t l l ~ ;  the  electrotls ejected in a 
prescribeil iiirection are detected (see figure). 
This refinement enables the  energy versus 
momentum dispersiiln within the  sainple ti7 
be detertllitleil direct1~- if it IS two-ditnen- 
siotlal (2) .  T h e  Ferini surface ( the  surface 
enclosing all the  occupied states) may lie 
tllapped liy changing the detection angle. 

T h e  essential structure in all superciln- 
ductitlg cuprates is the  copper oxide layer. 
In  the  parent compound of each famil\-, the  
highest 3d state in each copper ion is occu- 
pied by a single electron. In  principle, a lat- 
tice with one electron per site should he a 
metal with a half-filled liand. However, in 
the  cuprates, Coulomb repulsion lietween 
twil electrotls o n  the same site is so strong 
that electron hopping and band fortllatiiln 
are precludeil altogether: T h e  parent corn- 
pound is a n  insulator. Dratnatic changes oc- 
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holes (doping). Because the holes can move 
freely without forcing two electrons onto 
one site, the insulator readily converts into 
a metal. This ~ ic tu re  was confirmed bv earlv 
Hall effect experiments (3), which showed 
that the mobile charge is positive and equal 
in density to the vacancies created by chemi- 
cal doping. When the vacancy fraction ex- 
ceeds 1096, superconductivity appears. With 
increasing hole density, Tc increases rapidly 
(underdoped phase), attains a maximum (in 
the optimum range 17 to 20%), and then 
falls to zero beyond 20% (overdoped). 

ARPES has been used extensively by 
Olson, Shen, and others (2) to map the 
Fermi surface of the optimally doped cup- 
rates. Although the Fermi surface obtained .z 

is in nominal agreement with band calcu- 
lations. other features in the sDectra have 
not been as easy to interpret. In general, an 
electron in a metal sees the Coulomb force of 
all the other electrons. As it moves, it is 
surrounded by an attendant cloud of excita- 
tions. In the familiar metals, however, these 
excitations are verv effective in shielding - 
the electron's charge, so that the moving 

- 
In ARPES, detection of ejected electrons is re- 
stricted to a selected direction (fixed by 8 and 0) 
(upper panel). The lower panel shows how the 
dispersion curve, q k )  versus k, is related to 8 
and the final kinetic energy E. For a two-dimen- 
sional sample, the momentum of the initial state 
k,, equals k, sine, where k, is the final momen- 
tum. In conventional metals, the photoemission 
spectrum (yield) is sharply peaked around the 
value of the kinetic energy E that corresponds to 
qk, , ) ,  as shown. 

entity behaves as an independent (quasi) 
particle that is long-lived. It appears in the 
ARPES as a narrow peak (see figure). Ander- 
son and others have argued that, given the 
strong interaction in the cuprates, this quasi 
particle picture breaks down (4). In cuprates, 
the spectral peaks, when they are resolved, 
are anomalously broad (1, 2). More signifi- 
cantly, the spectral weight is distributed over 
a large, featureless background (the back- 
ground is much smaller in conventional 
metals). The resistivity and Hall effect above 
Tc are also quite unlike those observed in 
typical metals (3). 

As we move from the o~timum. through - 
the underdoped phase, to the parent insula- 
tor. a more serious ~roblem arises. In the 
insulating limit, the Fermi surface must van- 
ish. Yet a theorem of Luttinger's states that 
its volume remains unchanged by interac- 
tion. How does the Fermi surface accomplish 
this disappearing act? About 5 years ago, evi- 
dence began accumulating for a ~a r t i a l  gap 
opening in underdoped cuprates at a temper- 
ature T, about 100 to 150 K higher than Tc. 

A way to probe the density of states in a 
metal is provided by nuclear magnetic reso- 
nance. The nuclear s ~ i n s  mav be driven out 
of equilibrium by a tipping pulse. The time 
thev take to relax back to alignment with 
the'extemal field (TI) dependsuon the phase 
space of the electrons (which act as a spin 
bath). Expressed in the form l/TIT, the re- 
laxation rate is proportional to the square of 
the electronic density of states at the Fermi 
level. For the copper nuclei in YBaCuO, how- 
ever. the observed rate is not onlv much - ~, 

larger than expected, but also strongly tem- 
perature-dependent (5). More surprisingly, 
in underdoped YBaCuO, the rate rises to a 
broad maximum at the temperature T,, and 
then falls with cooling (5). Rice first pro- 
posed in 1991 that the downturn could be 
understood if a "spin-gap" opened at T, in 
the electronic spectrum, reducing the phase 
space available to the relaxing nuclear spins 
(6). Soon after, Loram et al. confirmed a 
downturn in the density of states extracted 
from high-resolution heat capacity measure- 
ments on underdoped samples of YBaCuO, 
starting near T, (7). (Because the sample re- 
mains metallic below T,, the gap removes 
only a fraction of the states at the Fermi 
level; many researchers prefer to call it a 
pseudogap.) In underdoped YBaCuO, the 
pseudogap has also been shown to affect the 
resistivity measured in the layer (8) and the 
infrared conductivity parallel to the c axis 
(normal to the layers) (9). The pseudogap 
hindering the c-axis conduction has been 
observed to decrease measurably in a mag- 
netic field (I 0). The effect is almost indepen- 
dent of the field direction, suggesting that 
gap formation depends sensitively on the 
spin degrees of freedom. 

What causes the pseudogap? In 1988, 
Fukuyama and others (I I ) proposed a phase 
diagram based on an extension of the reso- 
nating valence bond model (12). In the un- 
derdoped region below T,, a new electronic 
phase in which (only) the spins form singlet 
pairs appears. However, the sample remains 
~ o n s u ~ ~ r c ~ n d u c t i n ~  until Bose condensa- 
tion of the charge degrees occurs at a lower 
T,. With increased doping, the interval be- 
tween T. and T, shrinks. until at o~t imum 
doping the spin-singlet phase disappears (in 
aualitative agreement with the observed be- 
havior of T,-with doping). However, many 
issues are unresolved. Why is the downturn 
in l/TIT seen only in the bilayer cuprates? 
Ubbens and Lee (1 3) suggest that coupling 
between spins in adjacent layers of a bilayer 
cuprate is essential for stabilizing the singlet 
phase. A spin-singlet state also appears in the 
interlayer model of Anderson. Other theo- 
rists forsake spin-singlets altogether and in- 
terpret the pseudogap as just the supercon- 
ducting gap. Because of thermal fluctuations, 
the supercurrent response does not appear 
until Tc is reached. As shown by Loeser et d. 
(I ), ARPES provides detailed information, 
such as the k dependence of the pseudogap 
around the Fermi surface, that should dis- 
criminate between the competing models. 
With measurements of increased sophisti- 
cation, we may anticipate answers to many 
of the above questions, especially the puzzle 
of how the Fermi surface vanishes in the 
insulating limit. 
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