
lelns with ~ t s  ephemerls need to be solved if 
we ever hope to  detect the  long-term evo- 
lution of ring and satellite systems. 
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Trapped Coronal Magnetogravity Modes 
Yu-Qing Lou 

Theoretical analyses suggest a physical scenario for the trapping of coronal magneto- 
gravity wave modes above the solar transition region. The shortest oscillation period of 
coronal magnetogravity modes should be longer than about 1.5 hours. These long-period 
modes may be responsible for the unexpected low-frequency (1 to 140 microhertz) 
discrete modes recently discovered in interplanetary charged particle fluxes and magnetic 
field fluctuations. If the detected modes are caused by these magnetogravity modes rather 
than by gravity-mode oscillations in the solar interior, then the solar corona and the 
transition region may be probed from an entirely new perspective by helioseismological 
techniques. These coronal magnetogravity modes could reveal clues to the heating and 
dynamics of the solar corona. 

Recen t ly ,  Thomson e t  ul. ( 1 )  reported that 
discrete lon-frequency (-1 to 140 kHz)  
modes were detected in low-energy charged 
particle fluxes measured by Ulysses and 
Voyager I1 spacecraft 'y extensive time- 
serles analvsis: thev also tou11d similar , , 

modes by analyzing earlier magnetic field 
data fro111 Interplanetary Monltorlng Plat- 
form 8 and International Sun-Earth Exnlor- 
er 3 spacecraft. Thornson et al. ( 1 )  tenta- 
tively suggested that solar lnterior gravlty 
modes (g-modes) were propagated into the  
remote solar wind as fluctuations in the  
interplanetary lnagnetlc field, probably as 
large-scale Alfven waves ( 2 ) ,  although e v -  
dence for the  necessary physical linkage is 
apparently lacking a t  present. It is impor- 
tant to  properly identify the  physical and 
dynamic processes that lead to the  appear- 
ance of these dlscrete low-frecluency lnodes 
in order to  extract u s e f ~ ~ l  infor~nation about 
the  sun, its atmosphere, lnagnetlc fields, 
and lvind. 

Theoretical ~nodels have shown that in- 
colnpressihle Alf l~en 1valJes decouple from 
co~llpressible luag~letohydrody~la~nic (MMP)) 
waves in spherical geometry with a radial 
magnetic field (3-6). Gravity \valJe lnotioris 
necessarilv involve comvressive effects, so it 
is unclear how7 g-modes trapped deep in the  
solar interior can be transformed into 

Department of Astronolny and Astrophyscs Unversity 
of Chicago. Chicago. 1L 60637 USA 

Alf l~en  lnodes propagating in the  remote 
solar wind. Furthermore, if interior g- 
~ u o d e s  were transmitted into interplane- 
tary space, their persiste~lt  passage through 
t h e  photosphere shollld leave indelible 
sienatures. But n o  evidence has heen firm- 
ly established for photospheric m a ~ l ~ f e s t a -  
tions of these l~l ter ior  g-modes (7). Here  I 
offer an  alterllatl l~e intermetation based 
011 a simple statlc atmosphere model with 
the  appropriate wave properties to sholv 
that  Jiscrete magnetograv~ty Inodes can he 
trapped in t h e  lolver solar corona above 
the  transitloll region and that  these modes u 

may account for the  lo~v-frequency  nodes 
detected ( I  ). 

T h e  c o ~ ~ t i ~ ~ u o u s  expa~ls io~l  of the  million- 
degree mag~letired solar corona gives rise to 
the  solar wind in ~ntervlanetarv space. Close , . 
to the sun, the solar lvind IS sufflciently 
subso~lic that a large coronal hole regloll 
within several solar radil call he treated as 
isothermal and static with a radially open 
mag~letic field. 111 order to clearly explain 
MMP) wave properties in a lnagnetised atino- 
sphere and for pedagogical reasons, it would 
be beneficial to first consider the  case with- 
out a lnagnetic field. A n  unmagnetised at- 
mosphere can support acol~stic waves lvhen 
the  angular perturbation frequency o is 
higher than the local acoustic cutoff fre- 
quency, o, -- yGM2/(2C,?) and gravity 
waves when o is low~er than the local Brunt- 
Vaisglg buoyancy frequency, NB,, - (y - 
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l)"'C;M,/(C,r'), I\-here y is the adiabatic 
index, G is the  gravitational consta~lt ,  hiz 1s 
the solar mass. C is the lsotherlnal coronal 

With such a strong reflect1011 from below by 
the  STR,  dlscrete gra\rity modes call thus 
atinear In the  lower solar corona. 

ule, there exists a lveak-field spatial region 
\\-hose cross sectlon shrinks ~ ~ l t h  ~ncreasing 
heleht into the  lonrer corona. Because an  , \ 

sound speed, and 7. 1s the  radial illstallce fro111 
the slln's center (8).  For typical values of y 
(tor example, y = 5/3), oc > N,\, at any 
glven T t h r o u g h o ~ ~ t  the corona, and \\-aye 
perturbatlons becolne locally evanesce~lt 
\\-hen N,, 5 o 5 wL. Apparently, wi and 
hT,,. decrease 1~1th illcreasl~lg ?-, and this fact 
leads to cavltv formation for eravltv waves. 

L L 

111 the  presence of a radlal magnetic fleld 
that scales as rp' in spherical geo~netry 
( 14) ,  the  magnetlred corona call support a 
\,arlety of M H D  n.a\-es, i n c l ~ ~ i l i ~ l g  lnodlfled 
acoustic-erav~tv n-aves. In the  linear r e c ~ n e ,  

u 

lndlvidual supergranule 1s llot llkely to be 
completely isolated by s~~r round lng  magnet- 
LC fibrils, weak-field reglolls above neigh- 
boring supergranules are expected to 'e to- 
pologlcally connected. Many such weak- 
fleld spatla1 regions can therefore for111 an  
overall coherent structure globally over the  
solar surface or nrithln the  base of laree 

- ,  

~ncolnpressible transverse Alfv611 a-a\-es (4 ,  
15) Jecouple from colnpressible M H D  
\\-ayes 13. 6). After Fourier t r x  c IS f ormat1011 u ,  

A lo\\--freql~ency gravlty nrave l a ~ ~ n c h e d  
abo1.e the solar trallsitlo~l regloll [STR (9)] 
11-111 propagate Into the overlying corona LII> 

~, , 

111 time ancl angular spherical l ~ a r m o n ~ c  de- 
composition, the  equations for three-dl- 
mensicinal colnpress~ble blMD perturl~atlons 

coronal holes. Because h l H D  \\rave-speed 
illfference 1s large across the  narrow STR as 
a result of drastlc denslty ilrop, the  STR 
ser1.e~ as a n  effective reflecting bou~ldary for 
mag~letogravlty vraves. In this scenario, dis- 
crete gravity wave modes, affected by 1nag- 
netlc flelds, can appear In the  coherent 
structure of w~eak-field spatla1 regions above 
the STR.  T h e  luost likely sources of persis- 
tent excitation for magnetogravity ~ ~ a \ ~ e s  
are p~-otruding spicules (18) ra~ldolnly agi- 
tating along su~~ergranule  boundaries and 
slow strl~ctural variations of s~~vereranules 

to a certaln radlal distance R,, in the mldco- 
rona \\-here o and the local N,, became 

are fourth order and contall1 in fonna t lo~~  for 
lnaelletlc n-aves and maenetoacoustlc erav- , > >  

equal. T h ~ s  gravlty Lvave experiences a strong 
retlectlon at R,, due to the presence of an  
effective propagation barrier (l i?),  and the 
sl~bsequently induced perturbation beyond 
R,; becomes evanescent with hTH\ 5 o 5 wc 
until another radial distance R, (> R,;) 
\vhere o j  and the  local oc becolne equal. 
Beyond R,, oc falls below, o and the  pertur- 
hation leaks radially out\\-ard in the form o t  
a11 acoustic n.ave. ,411 effective prokyagation 
barrier is located mithin the radial range RG 
5 5 R, \ \ -~ th  the  barrier height and width 
d e ~ e n d e n t  on \ ~ l h e r ~ c a l  harmonic deeree P 

- 
~ t y  ~vaves ( 3 ,  16).  In such a lnag~letlreil 
atmosphere, lnagnetic waves l-reha\re very 
much like Alfv6n ivaves 14) in terlns of the , , 

radlal scalings of transverse magnetic field 
and velocity pertllrbatlons, except that 
colnpressions and thermoilynamic \,aria- 
tlo11s are ~nvolved and angular v a r ~ a t ~ o n s  
are distinctly different (5). Ivlagnetoaco~~s- 

over much longer time scales of'a few days. 
T h e  discrete 10x1--freql~ency lnodes de- 

tected in the  solar ~ ~ i n d  1 1 ) ,  if confirlned b~ 

tic gravity waves (3)  are essentially acoustic 
gravity waves (as explained earlier) associ- 
ated with lnagnetic field t l~~c tua t ions  clue to 
the  backgrolllld radlal magnetic fleld. On 
the basis of a X'IHD perturhatlon analysis 

~, 

furthcr data analyses, provide evldence for 
the  existence of coronal maenetoerav~tv 

and o. Ty-plcallv, the  larger the  i and the  
lower the  co, the  higher and  ~vider  the  
barrier and thus the  Inore efficie~ltly grav- 
ity waves are trapped in 7. 5 R,: ( ID) .  This 
is the  basic lllechallis~ll for trapping grav- 
ity waves in the  midcorona, and the  d\-- 
11alnic sequence ilescribed above has been 
termed "gravitoacoustic a.ave transforma- 
tion" (ID, 11 ) .  T h e  radial extent Rc, of the  
coronal cavity tor trapping gravity 11-aves is 
frequency-ilepel~de~lt ,  namely, the  lov\.er 
the  o, the  larger the  t l lr~ling point R,: for 
reflecting eravitr- waves. 

( I  6), one call sholv that magnetoaco~~stic 
\va\.es appear for sufficiently high frequen- 
cies n-it11 o 3 o,., n.hereas magnetogravity 

L, ,, , 
lnoiles trapped in the  lveak-field spatla1 re- 
gions topologically connected over the  
doha1 sun. I11 this scenario, the  shortest 
L 

oscillation period of these magnetogravity 
modes correspo~lds to an  hT,,, at the coronal 
I-rase of about 1.5 hours. Consistent lvith 
this observation, the  freqllency of 185 pH: 
correspollding to this estimated time scale is 
higher than the  Nyquist frequency of 139 
kHz for the hourly averaged data ( I  ). T h e  
lneall strength of open magnetic tields ( -  1 
to 10 G)  in the  low~er corona is sufficiently 
strong and the  plaslna number density 
(-10' to 10''' a n p 3 )  is sufficie~ltly lo\\ that 
C,, ranges from -10' to 10' cm s p l .  There- 
fore, ~~p\vard-propagatillg magnetogravity 
[vaves, especially those lvith very low fre- 
cluencies, will be gradually blocked by coro- 

I\-a\-es appear in a certain finite lo\\-fre- 
quency range [C(4 + l)]'"C,,/r o 5 

N,,., n-here C_\ is the ,4lf\~6n lvave speed. 
This lo\v-frecl~~e~lcy cutoff of magnetograv- 
itv I\-aves is caused ~rirnarilv I-rv the  tenden- , , 
cy of the  backgroukd radial m a g ~ ~ e t i c  field 
to restrict transverse variatio~ls in compress- 
ible perturbations as a result of magnetic 
induction; and gravity wave oscillatiolls 
necessarilr- involve transverse variations. L, ,, 

I11 the absence of a lower reflecting 
boundarv, gravitr- \vaves blocked horn 

Therefore, mag~letogravity lvaves n i t h  
small transverse s ~ ~ a t i a l  scales cannot prop- , L 

above \voulil forln' a cont inl~um 111 the fre- 
quency domain. In  order to form discrete 
gravitl- nave  modes, a cavity must also con- 

L A 

agate into a region of very high Ci where 
illcurred MHD perturbations \\.ill becolne 
attenl~ateil. It folio\\-s that maenetoeravitv ,, L, , 
\\-ayes will be reflected in a strongly magne- 
tized and rarefied atmosphere. 

T h e  solar coronal heating and the pres- 
ence of STR are intilnately related to the  
overall structure of lnaenetic fields aervad- 

rain a lower reflecting b o ~ ~ n d a r y  that 1s 
identified with the  STR (1 2)  in the present 
scenario. T h e  tra~lsition fro111 the solar 

llal maglletic fields. 
hleanu.hile, coronal lnaglletic fields are 

perturlxd by impillgi~lg gravity a.ave 1110- 

tions from belo~v; after penetration up~vard 
into a radially evanescent region, the  rem- 
nant  compressible h l H D  perturbation evell- 
tually emerges at large radii in the  form of 
maelletoacol~stic w7aves 13. 6 )  in the  solar 

c l ~ r o m o s ~ l ~ e r e  to the  corona is extremely 
rapid. Over a radial distance of several hun- 
dred kilolneters across this STR,  the  mean 
temperature rises sharply from - lo4  K to  
~ 1 0 % .  Because the  therlnal eas LTressure 

- 
ing the  photosphere and cl~romosphere. 
T h e  fairly cohere~l t  structure of supergran- 
ules with tvnical transverse spatial scales of 

'3 L 

relnains nearly constant across the  STR,  the  
plasma density drops by a factor of -100, 
according to  the  ideal gas law. For waves 
with large radial scales, the  STR call be 
effectivelv treated as a s ~ ~ a t i a l  discolltilluitv 

, A  

-3 x 10%cln covers the  solar photosphere 
globally (17).  I~l tense  magnetic fields 
(-10' G)  in the  fibril state concentrate 

u , ' 

wind. This dylla~nic sequence is referred to  
as "magnetoacol~stic gravity wave tr;insfor- 
mation." I em~has ize  that,  because of the  
presence of coronal magnetic fields, hydro- 
ilynamic cavity sizes ( that  is, those due sole- 
ly to the  radial falloff of A$\.) for low'- 
frequency gravity modes are generally cut 
short in  the radial extent. In  1nv scenario. 

along boundaries of supergranules. Across 
the  chromosnhere, the  STR,  and into the  

(1 3 )  of temperatl~re and density. In general, 
the  larger the  w7ave speed difference across a 
discontinuity, the  stronger the  reflection 
effect. Specifically, one call show, (13) that 
the  reflection coefficient 3 of gravitr- naves 
across the  STR raqges from -0.67 to 1.0. 

low~er corona, these flbril lnagnetic fields 
diverge tci compete for a\.ailable space n ~ i t h  
increasing height, and thus a bright chro- 
mospheric illaglletic netlvork appears in ul- 
traviolet elnissiolls (for example, in the  C 
IV line). Ahove each ind iv id~~a l  supergran- 

the  information of discrete coronal magnet- 
ogravity lnodes can be n a t ~ ~ r a l l y  transmitted 
or leaked out by lnagnetic field fluctuations, 
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a113 va r i a r io~~s  of charted particle flusei are 
associateil n ~ t h  scl~~eering effect. of magnc- 
toacorlstlc gravlt\- waves in general. 

Tllc most strlllgcnt test of my proposal 
(1 1 ) is n'llctllcr sliilllar cllscretc low-frecrr~en- . , 

cy modes call 1.e d i r ec t l~  Jctccreil in Inten- 
sity ~a r i a t ions  anil l3oppler sh~fts  of appro- 
pnate spectral l~iles (formeci in the STR and 
thc lo\\-er corona) in r~ltraviolet, extreme 
ultra~.iolet, anLl x-ray hanLis i l~~r ini i  the Solar 
and Heliospheric ~jhscr\-atorv m?sslon sue- 
cessfr~llv l a~~nche t l  in Deceml?er 1995. A 
t l ~ o r o ~ ~ g l l  ~~ndcr>tanding ot  thee. nloilcs may 
ofier valuable clues for the solution of long- 
stanilinq yrol~lems concerning the heating 
ancl d\~namics of the solar corona. 
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Probing EIectri~a0 Transport in Nanomateriais: 
Conductivity sf individual Carbon Nanotubes 

Hongjie Bai," Erie W. Wsng," Charles iVi. Lieberi- 

A general approach has been developed to determine the conductivity of individual 
nanostructures while simultaneously recording their structure. Conventional lithography 
has been used to contact electrically single ends of nanomaterials, and a force micro- 
scope equipped with a conducting probe tip has been used to map simultaneously the 
structure and resistance of the portion of the material protruding from the macroscopic 
contact. Studies of individual carbon nanotubes demonstrate that the structurally most 
perfect nanotubes have resistivities an order of magnitude lower than those found pre- 
viously and that defects in the nanotube structure cause substantial increases in the 
resistivity. 

Nanometer-scale structure, aixI molecular 
~naterlals are of great interest as potentla1 
b~111,Ilnq blocks for f ~ ~ t ~ r r e  generation elec- 
tronic de\-ices of greatly reciuce~l i ~ c  (1-3). 
Ratlunal design of any devicc n.111 require a 
funilamental untlerstanil~ng of tllc proycr- 
tles of these mater~al> and h o ~ v  they ilelicncl 
on,  for example, d~mcn:;ional~ty allti s i x .  
For instance, tllc electrical and mechan~cal  
properties of carbon nanot~~l?cs  have gener- 
atecl cons~ileral?le interest ailii speculation 
(3-61, although illrect Incasurenlents of the 
~ntr ins ic  re5lstivity- anil mechanical streniith 
of ~nd iv id~ la l  na~lotul-es has been difficult. 
Like~v~sc,  the tern1 molecular wire 1x1s been 
\\r~iIcly appl~eil to anisotropic ~nolecular ma- 
tcrlals (1 .  2 .  7), but the ~neaning of tlua 
term relative to an  ahsc~lute conilucti\-lty- 
~ C I I I ~ L I I F  r~nclear. 

T h e  Jiff~culty I) in connec t~ng  mcasur- 
inir cievices from the  macro~vorlil to nano- 
meter-scale materials, for \\-hicll t ~ v o  or 
lnore con~lections are nee~leil. LY;e report a 
general appro.1~11 for electrical measure- 
lllellts of ~ l a ~ l o ~ n a t e ~ - i a l s  :i11c1 have L I S C ~  t l l ~  
approach to cieterm~ne the resistiv~ty of in- 
cli\'iciual carhon nanotuhes. Our  met l~c~i i  
coinhines con\~entional l~thqgraphy, to 
electr~cally contact s111glc e~ltls of nanil- 
tul~es,  ant1 a force microscoyc ccl~1il7pecl a-1t11 
a conJuct i~lg  prol3e tip, tn 111a1-r simr~ltn- 
neorisly thc trrlcture and resistance of the 
rportions of nanotr11:e that protrniie from the 
macroscopic cnntact. Detects in thc nano- 
tuhc structure cause sullstantial illcreases in 
the resistivity, and the s t r~~ctnral ly  most 
pcrtcct n a ~ l o t ~ ~ l ~ s  have recisti~itics a n  onler 
of m a g n i t ~ ~ ~ i e  lo~vcr than those tounil previ- 
ouslv 18-1 2) .  , ~ 

T o  lllcasrlre the electrical propertics ot 
inil~viclnal carhon n a n o t i ~ l ~ s  (Fie. l ) ,  1v.1. 
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i i e l ~ ~ s ~ t e c l  a ilrop of a nanotul?e sr~spension 
o n  a flat ~ n s n l a t ~ n g  surface ;inii covered it 
\t.~th a un~form layer of Au.  A pattern of 
open slots was proiluccci ~n tllc ALI layer 13y 
conventional lltllograyhy proceil~~res to ex- 
pose the nanotul?cs for mcasr~rement. Force 
~nic~-oscopy stuclies sho\i-ccI that aitcr t h ~ s  
p~)ce i lu rc ,  many ot thc  sl~lgle n a n o t ~ ~ b e s  
have one end covcred l?y thc Au  pattern 
and the other end extending into a n  open 
slot. Wi th  a conilr~ctl~lg cantilcver-tip as- 
semhly 111 the force microscope, it is possible 
to contact electrically and ~neas r~rc  the ax- 
ial con~luctinn t l l r o ~ ~ f i l ~  a single n a n o t r ~ l ~ e  to 
the ALI contact \vhile s imr~l taneo~~sly  re- 
coriiing the n: innt~~l?e  structure. C o n t l ~ ~ c t -  
in? tips a.ere 11laJe by Jepositing N1)N (Into 
commerc~al Sl3Nt cant~levers. T l l ~ s  coating 
n.as chosen I x c a ~ ~ s e  it exhlblts a comliina- 
tlon of gooJ conductivity a n ~ l  IlarLlness. 
Soft c t ~ n t l ~ ~ c t i n g  coatings l ~ k c  ALI were in- 
~r~fficlently stable to proviiie reprotlr~cil~le 
measurements, and heavily ilopcii Si t ~ p s ,  
, ~ l t h o ~ ~ g h  rnhr~st, h~ad excess~vely large con- 
tact resistances to the nanotuhe samples. 

Our  approach 1x1s come slln~lar~ties to 
previous s t ~ ~ ~ l i e d o f  c;arl7on ncinoti~17es (9 .  10). 
Langer iit 01. (9) useti a scanning t ~ ~ n n e l ~ n g  
mlcroscoye to ~ilentify nanotuhe lx~niiles anrl 
tlleil expose a resist so that flxeil ALI contacts 
cor~ltl he m:icie to the two ends of ,i I7undle. 
Stridies of nanotrihe h~~nt l les  :ire limited, 
howcver, he~anse  the sires ant1 structures of 
the indiviilual nanotr~bes in tllc enscml~le 
are rlnknown. Measr~reille~lt of the rciistancc 
of a sinqle nanotube has alco heen reportetl 
for the cllance occurreilce of one nanotulle 
spanning two lithographically pattcrileil 
macroscopic electroLies (12) .  Kotll o t  these 
report-are tivo-prohe esperil~le~lts that can 
he intlr~enccil aclvereely liy cont;ict rcsistailce 
and, in onc case (C)), the uncertainty in the 
structures ot  the nanotul7cs that colilpoce the 
ia~llple measureil. In our studies, we can rap- 
idly identify anti focr~s on inil~viilunl carbo~l  
nanotuhcs I>\; esl>li)iting the high-resolution 
imaging capal>lllties of tllc torce microscope; 
tr~rthermore, l - e~a l~se  we LIeterlnine tllc resis- 




