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Molecular Diffuse Interstellar Ba11d 
Carriers in the Red Rectangle 
Fa. J. Sarre," J. R. Miles, S. M. Sca~rstt 

High-resolution optical spectroscopic observations of unidentified emission bands from 
the unusual biconical nebula known as the Red Rectangle are reported. The peak wave- 
lengths and the widths of prominent bands near 5799, 5853, and 661 6 angstroms de- 
crease with increasing offset from the central AO-type star HD 44179 and, in the limit of 
large distance from the star, are shown to converge toward the known values for some 
of the narrower diffuse interstellar absorption bands at 5797, 5850, and 661 4 angstroms. 
The same carriers give rise to both Red Rectangle emission and corresponding diffuse 
interstellar absorption bands, and these particular bands arise from electronic transitions 
in gas-phase molecules. 

7., -- h.,, .. 4 

ills? interstellar al>.~)rl~tii)il Ilanils is ~111e ot the 
i~io\ t  cha1lc1-i~i1-i~ astrophvsical yrol?lems of 
this ce11t~u.y. X large n ~ ~ m l ~ e r  of I~al-iiis 11a1.e 
been iliscorereil ( i ) ,  al-iil tl-icir relat11.e 
itrcl-iqtlii, t h e ~ r  \ii,lths, anii in ,I f c \ ~  caies 
tlleir shayes ( 2 )  11~i1.e heen cl~aracterisz~l. El.- 
iiience 111 finvor free molecules a carriers 

has gro\i-11 in recent vears, [but tliere is ai yet 
no yroot as to nhethcr the banils origil-iate in 
Just yrains 01. 111111ec~11e<. Tl-it.1-e has dlso heen 
,I lack a t  anr ;pectroscollic pattcrlls tliat illight 
euiile lal~oratc~r~-l?azeii espcrimel-its. A stell 
for\vC~ril \i a iiiaiie \vith the reco-nit~~>n (-3. 4) 
tli;it milie ~ i '  the illore l i r o ~ l i ~ ~ l c ~ i t  eiii1ssio1-i 
hands ol?aer\ cil from the Red Rectangle ay- 
pear tc> arise t1.0111 tlie S J I ~ ~ C  carriers as a sul~sct 
ot  the iiitf~lse hand carriers (5). Yim11,lr cnl~i -  
SILJII l~anLl.; hare  also reccntly I3eei-i .letccteii 111 

the car l lo~- i - r~~h R C r 6  star VSS4 Cell dtlriny 
minlil-iu~u ligl-it (6). YC'e report here high- 
r e so l~ t~o l l  and 111~11 a1g11;11-to-11oire optical 
ITeztra of the ReLl Rcctanple that ,slio\v con- 
c2~1.11-el\. t h ~ t  the Rei] Rectarliile ernla>li)n and 
complement,~r\- d i t f~~se  inti.r.tellar ~ h r o r ~ t ~ o ~ ~  
b~nc-ls arlsc fro111 the same carriers ?~-ilid that 
these partic~ilar iiitt~~be hands x i r e  from elec- 
trolllc tr,lnsltlons in ti-ee, but as yet ~ ~ n d e n t i -  

P J Sa-e a-la J. F, r.1 es. "pa~t lrer-  of C b e ~ r i s t r ~  
Ln,,,e s - ,  ct Not- ig'am, lJ~-.i~e*sit. Pal k, he--1rcjlia1- 
NZ- 22D. CIK 
S. A1 Scallz-i Pi. .SICS leparti-.el-.: lJniJe,slt>, c i  

ileLl. gar-pliaie ~no lec~~ lzs .  In ;iiiil~tlcin, the 
resLllt> prL>\-iLlc clc'ir sLlrpcirt tc1r rl1e iLI?<l ot 
"tamil~es" of iliftilsc l?a~-iils, ilemonstrate that 
some ot  the i l l t h e  l'anii carrieri tl~li~reice. ,111~1 

open up nelr o r l ~ ~ ~ r t ~ m i t i c i  h r  1al~iirator)- 
ituily tl-irc)ugh the seal-ch for iiiolcc~~lar e111i.- 
s101i spectra. 

Tlie IieJ 1iect;lngle is a l?~coliical ilehula 
that ii .seen in both reflectii~n l i~~ci  e ~ ~ ~ ~ s s ~ c i ~ i .  
The  reflected coi l i~~onent  arlses from ligl-it 
from the ccl-itral ,tar IiD 44179 scattered by 
ilu,t grains in the esten,le~l iiehular meillurn. 
The optical emi~sion C0llbl\tS of a briuil reil 
COLII IY)~ICI-~~ [estei-i~le~i rcil e m i . ~ i i ~ ~ n  (ERE)] an 
n.111cl-i iq supcrimyiiseil a rc'il~arl<al~lc riiectruili 
c)t uniL1entitic~l emi\sion l?al~~ls thdt are a1.o 
esciteil by 1leht f r ~ m  the central star (T- i ) ) ,  
prohahly thrLx1eh a re>~>nx-ice tlucirescvnce 
i l - iec l~~i~i~si~l  such 2.; occuri 111 comet.;. Receiit 
ohel-vations confirm t11,it HD 44179 is a 1.1- 
naq  svstelil (li), and a pl,iu,ihle sce~~ar io  ih 
that one compo~ient act, ,is the ~lluminatinn 
S L ~ L I T C C  for ~m,iter~al emanatmg from one \tar or 
j i o ~ ~ i J ~ l y  ti.ii111 I>i~tl? \tar>. 

E,irlier stuiiieh ot  the ~1ltra~1i)lr t- \ . is11~1~'  
a11d L I ~ ~ T ~ I ~ P L I  (IRI spectra ot the nrbula Ii,ive 
~ - ~ r e i ~ l c ~ l  3 range of unucual aspects, 111clu~i- 
illy zmis51on linea oi Na I), C a  11 H anL{ K, 
Ha (S), ,iilil the CO ( J  i ) and CH-- ( I.?) 
molecules: there ib also str~3nq ERE (1 3 )  and 
a pronllliellt set of "unlde~~tifieii" IR baniis 
(14) .  both of which prol~ably .irlse trom poly- 
cyclic arnluatic hYilrocarbon (PAH) m,itcri- 
a1 or lnolecules (15). \'cry- s t r ~ k ~ n q ,  hon.e\ er, 

ogj, ~Dcve- Nev, Yol.;. ;9871, ei-ap 5, J, K a t ,  
Scte:i;g 242, 332 (1988; 

21 P Bi;l'liia~-ti ai-:: \"!. Siii-017, Ps;iaPe~n~;. 49. 7027 
(1 993). C 1 Eec.;es .;.;a/ . i ;~:d. 51, 363 :1!395l. 

22 We -1-ri,ili C. Nellls 51-d b1. 31clie,iback -cr -eci- ,r ! '~f l  
assstancs ,-it- x-lay el-ys:allcgrspl-I) st Story 91-cc4 
a i d  A Eci-2 ds ( j \ ~ l o e c ~ ~ l a S ~  iiLlIz:crs) for l i e l ~  ?:tii 
c c c r  gral~l i  s ,  We zre gratefi, to Yayer Cc poratloi 
-cr s u p , ~ c ~ - ~ ~ - g  t-11s 13 ope- al-d i c  -i-e N o q i  Aila-tc 
7-eft; C i ~ ~ z ~ - i r a : ~ o - ~  -21 f i r  d i g  st1 ave gral-: fcl col- 
lzl,o-zt~c~- betv"ee1- t.vo cf t i e  z~~-i-,crs :I- W.E s-:I 
bl.G E D. ' .  

is the set of htrollg optical emisslca-i h,i~~il.;, 
tl-ie nic)st prolillne;-it of \vhlch fill near 5799, 
5353, anLl 6616 A, t h , ~ t  lie clilse in Lvave- 
lenqth to those ~ 1 f  solilt strong, relt~tir-ely 
II;~I-I-O\V ~ l i t i~ lse  a l~s~rp t io l l  1~a1-iils (X= 5797, 
X=5S5,?, and h=hhl.i, \\here X inillc,ite the 
llolui~lal ~va\.elength); these Ll~ft;~se I2a1l1l? 
l-ia\,e heen Il~-il;e,i into a "i~111-i1ly" ( I  6)  on  the 
h a s ~ i  of tl-ieir c(~111111o11 relative al~sc~~-ptiun 
.strength ~ 1 o 1 - i ~  varictls 1111ca of sight. 

O L I -  data coverll-ig the 1-e~ion iron1 5122 to 
6922 L4 were recordcL1 n-it11 the RGCJ syecrro- 
gralll~ on tlie 3.9-111 A~-i:lo-~$~str~iliall tcle- 
SCOPC at a r c i l~> l~~ t i~ )~- i  of C.64 A ;il-iil \\-it11 the 
slit of \\~lLlth 1 52 p,m aliqneil alo11g the ni~r th-  
\\e,t-sout11i.ast ~\il-iiikcr at 1~ositio1-i a ~ ~ p l e  162". 
.% ci~myar~so~-i I~etnecn the 5$2,? L4 1-e"e~~-i of 
tl-ie Reil Rectangle at  ~nterliieiliatz offset 
(cznterc,l ;at 7.5 ; r c  see) anil the ,lifft~se intel-- 
stcllar l ~ n J  ;~I~so~-pt lon s y e c t r ~ ~ m  ali~lig the 
line of siglit to\\-ard the heavily reLILlel-ie~l star 
HI) 183 143 i \  ,110n.n 111 Fie. I .  The  narran 
X=5797 dnLl X=ji?j,? diffuse 111tcritc11a1- 
handi 11e ~ T I I  the sl-ii)~-t-\v,ivele~~etl-i edge of the 
c i i r se sp~nJ in~  hruaLlcr l ieJ  Rcctanylc feu- 

Wavelength (8) 
Fig. I. Coirt?par;son SeP~vee'i the d~ffcise absorp- 
t~on  band specrrum to~vard HD 183133 (upper 
cL.rve,i (25) and tne Red-Rectatngle si:ectr~.'n (lo121/- 
er cvrve: In tlie 58'30 A reglctn. Note the corre- 
sponae-ce between tlie diffuse bans and Reg 
Rectatngle features tnear 5769. 5799 a-d  5853 A 
(stars). and :lie absence of Red P,ec:angle emis- 
sion In tlie regoti of tile X=5780 dAuse Satnd. 
'u\jh~ch f a s  in a dfferetnt fan?ily (76: Tlie Red Rect- 
angle data are the su~nn-eci spectra for the reg1317 
5 to 13 arc sec offset frclr HD 311 79 recorded 
w~t l i  an ~tegrat ion tltne of 7203 s. 



tures. In addition, these data sho\v a further 
corresPonde;~ce between an elnlssion hand 
near 5269 A and a weak diffuse hand near 
5766 A (17-19) that is well correlated u l th  
the strength of X=5797 anii therefore l~kely 
falls within the same family (16). The  
A=5797 d~ff~lse  band and the corresponding 
Red Recta~lgle emission band have a si~llilar 
profile, consisting of a steep short-wavelength 
side and an  extended tail to longer wave- 
lengths (2 ,  3, 5). 

Our measurements of the peak uave- 
lengths and widths of three of the   no st prom- 
inent Red Rectangle bands as a f ~ ~ n c t i o n  of 
distance from H D  44179 (Fig. 2, A through 
C) show that they decrease with increasing 
distance from the star, and 111ost notably, the 
Red Rectangle data converge toward the 
characteristics of the respecti1.e diff~~se bands 

in the l i~nlt  of large distance fro111 the star. 
Under these cooler conditions, the ipectral 
characteristics of the emission hands are ex- 
nected to ~ l ~ a t c h  most closely those found in 
iiffuse interstellar clouds. ~ r h l n  t h ~ s  extrapo- 
lation, we conclude that the same carrlers give 
rise to the corresponding pars of emission and 
absorption hands. This does not mean that all 
of the baniis under consideration (X=5797, 
X=5850, and A=6614, and so forth) arise 
from a single carrier. The relative intensities 
githin the group of einission bands near 5800 
A do not, however, appear to vary greatly 
with nosition in the nebula, and so it seems 
likely that these arise in one carrier. 

T h e  evglution of the bands in the 5800 A 
and 6616 A regions as a f~lnction of distance 
from HD 44179 is shown in Fig. 3, A and R, 

4 8 12 16 

FWHM (A) Wavelength (i) 
Fig. 2. Peak wavelength versus width [full width at 
half maxlmum (FWHM)] data for the three most 
prominen! Red Rectangle bands near (A) 5799 A, 
(B) 5853 A, and (C) 661 6 A, w~th a veocty shift for 
nebular species taken from (10). The diameter of 
each c rce  is inversely proportional to the dstance 
from the star HD 441 79: smaller circles therefore 
represent cooler cond~t~ons. The cross marks the 
rest wavelength and wdth for the corresponding 
diffuse band toward HD 1831 43 (26). 

Fig. 3; Spectra of theoRed Rectangle in the (A) 
5800 A and (B) 661 6 A regons at three different 
offsets from HD 441 79 [7 (upper), 12 (middle), and 
17 (lower) arc sec] show~ng the evolut~on of the 
band shapes. The emission bands appear on top 
of a broad background (ERE) that has been re- 
moved; eaci-1 spectrum is offset on the vertical 
scale by an arbitrarj amount, and the upper trace In 
each case is scaled by x0.4. The Na D lines are 
present in emlsson. 

resLxct~r.ely. T h e  spectra have the appear- 
ance of v~brational band structure, and the 
behavior of individual profiles is typical of 
the develonment of an unresolved rotational 
line contour as a function of temperature, 
w h ~ c h  in this case is determined by the 
distance from the hot central star. T h e  most 
likely interpretation is that thg steep short- 
waveleneth sick of the 5799 A feature is a " 

rotational branch head anii that a significant 
'art of the red-itegraded tail is the extension 
of the rotational branches to longer uave- 
lengths. This is characteristic of a rnolec~~le  
for which one of the rotational constants is 
snlaller in the excited state than in the  
ground electronic state. 

A significant contribution to the  inten- 
sity of the redward wing may arise fl-om 
vibrational sequence band structure. Addi- 
tional weaker d i f f~~se  hands in the 5800 A 
region that also appear to correlate well 
\vith the  Red Rectanele elnission features 
have recently been repyrted; in particulak, 
d i f f~~se  bands a t  581F A (18,  19) ,  5828 A 
(18,  19) ,  and 5910 A [see figures 4 anii 6 in 
(19)] are close in \vavel~ngth to Red Rect- 
a~lgle  featuresoat 5819 A (shoulder), 5828 
A ,  and 5912 A (20). 

T h e  bands described here have not heen 
reportecl In gas-phase laboratory experi- 
ments, but the fact that these "diffuse hand" 
molecules have an  emission spectrum is of 
considerable significance for future ohserva- 
tional and laboratory htucties. Laboratory- 
based detection of spectroscopic transitions 
in emission is more sensitive than in absoq-  
tion, particularly through laser-~nduced flu- 
orescence techniilues. Rotational contour 
 nodel ling can also be used to reduce the 
range of candidate molecular carriers. 

Theoretical work (5) hasjncticated that  
the  Reil Recta~lgle  5799 A feature and 
corresponding X=5797 diffuse banit coulii 
be accounted for in  terins of a n  electronic 
transition in a laree molecule, such as a " 

C,,-based species, although not  neutral 
C,, itself. However, from these data the  
most comnlon ohserved intervals bet\veen 
the  hands appear to be too low to corre- 
spond to vibrational excitations in a C,,- 
based m o l e c ~ ~ l e .  

Although the solution to the problem of 
the Red Rectangle di f f~~se bands likely rests 
xvith the iden;ification of next7, p&sibly 
PAH-type (21 ), linear (8 ,  22) ,  or ring car- 
bon-based molecules, we note also that the 
rotational branch structure of even quite 
small open-shell molecules can he complex, 
and so an  origin in a smaller molecule can- 
not vet be totallv r~rled out. Sorlle consider- 
ation has been given, for example, to the 
C r O  molecule as a carrier of the  eru~ssion 
hands (23). As pointed out more than 10 
years ago (7 ) ,  the astrophysically iillportallt 
C, molecule has a spin-forbidden transition 
observed in emission in a matrix that falls 
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\\.irhin rlle ranve of the  ilic?? A haniis: un- 
hrrullarel\, ~t has 7et to he ol7.erveii in the 
:a\ ph,lse. Tlle fa~lure r c  iletecr C3 in ,lbsixp- 
t~i)l-i 111 ilittilsc clouils ('i.), ho\ve\.er, appe,lrs 
to rule out t111, attrlhut~on. 

Soti. i i t lLlz~i  111 pl-ooj: \XTe recently recel\.eii 
I ~ ~ ~ ~ I I U ~ C I - I P ~  13 R. J .  Glillsla rinii J .  A. S u r h  

( 27 )  ill \vl~icll CJ ~~~r~i t i (111~11 banJ  asbi~11- 
ment cot the  SS20 .A Keii Rectangle t.miq- 
slon it.,ltureh to C j  1s prexrnreil. C~lml~lnln:  
th15 ci5,signment 1 ~ 1 t h  the  results iiescrll-ed 
here lt.,iii to the cconclulon ti1,ir C: is the  
c,irrler o t  the X=5797, X=5Sji', dllil 11earj-y 
rc.l,iteil J l t t~~. ; t .  lnterstel1,lr al?>i]rptlon hanils. 
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Decada! Trends in the North Atlantic Oscillation: 
Regional Te~japeratum and Pr@si@%ation 

James W. Hurrell 

Greenland ice-core data have revealed large decadal climate variations over the North 
Atlantic that can be related to a major source of low-frequency variability, the North 
Atlantic Oscillation. Over the past decade, the Oscillation has remained in one extreme 
phase during the winters, contributing significantly to the recent wintertime warmth across 
Europe and to cold conditions in the northwest Atlantic. An evaluation of the atmospheric 
moisture budget reveals coherent large-scale changes since 1980 that are linked to recent 
dry conditions over southern Europe and the Mediterranean, whereas northern Europe 
and parts of Scandinavia have generally experienced wetter than normal conditions. 

major qource of inrer,lnnual \-ar~ahilitv in 
the armo,~plleric circulatioll i. the North .A.it- 
lantlc O s c ~ l l ; ~ t ~ o n  ( K A c ~ )  ( 1  i> \vhich is as- 
bocl,lri.ii ~vitl l  chmcez in the sultace \\.eater- 
11e. acrob. tile North i-\tl,illric onto E,un)pe 
(2) .  An iniies <of the SAC3 re\.eali its v,lri- 
,ihility since IS64 (Fly. I A ) .  The  ch,ingei 111 

circulati~in asrociateil n-lth ih,~ngeb in thi. 
NAO iniies are ;letermlnril ti.i)m the Jltier- 
ence 111 .;?a-le\-el pressure (SLP) 1~et~vei.n 
\\-lilteri \vith an  index \ slue qrvatcr thail 1.2 
anci those with ail  nile ex \ d u e  less than - 1 .c? 
(Fig. 1B). Llltferencez g of more than 15 mbar 
occur ~lcrosi the North 'Atlantic, \vltll 111ghcr 
than ilormal rpressures south o t  55"N a11i1 '1 
hro'iii regLon of anomalousl~ lo\\- yressrlre 
acroqs the '4rctic. Llr~riilg 111i.h N . 4 0  n.111- 

ters, the \1-esterlles o n t ~ )  Europe al-e 07-er 5 In 
c p l  stranger th,lii drlrlnp Ion- N X O  \vlnter. 
(Fig. 1B). anomalous iour11erl~- tlu\v occur. 
o\-er the eastern United 5tCltes, and anol-il~l- 
loui i ~ ~ r t l ~ e r l v  tlo\v O C C L I ~ S  acriocq 11-eitern 
Greenland, the Can,ldi;in ,Arctic, anil the 

there h a w  been be\ era1 perloLls (Fig. 1'4) 
~vhei l  a ~ 1 ~ 1 1  anomalclus clrci~latl<on 1iattems 
per.;l~ted over In;ln\ \\-inter.;. 111 the regon of 
the Icelan~ili  ion., seCl>i>ilal prei>ures \\ere 
anom,ilouzly lo\v ~1~1rlilg \vlntertime fro111 thf 
t ~ l r n  of the century ~1nt11 a h o ~ ~ t  1932, I\-hile 
pressure. \yere higiler than l~urnlal , ~ t  lo \~e r  
latltrlcies. C o n s e ; r ~ ~ e n t l ~ ,  the 1v111d across the  
North Atlantic hael ;i strone 11-eaterlv coru- 
p m e n t ,  ,inii the moderating ~ntluence of the 
ocean co~l t r i l~r~te i l  to lvarmer than  lorm ma! 
u.ir-iter temi~eratures over n l ~ ~ c l l  of E ~ l r ~ y ~ e  
(3). Fran-i thc early 19425 ~111tll the eii~-ly 
1972>, \\,lien the N X O  111des i>sllihlieJ a 
iloni~\\.arcl trend, European \\ ~ n t c r t ~ m e  tem- 
peratures n-erf frequently lon-er th,in normal 
(4. 5). A .ha17 re\-era,il haa oicurre~i 01-er 
the past 2 5  ye~ira, \ v ~ t h  rul~prececlenteil 
. t ruqly  1:oritlr.e NAO ~ n d f s  1-aluea l n c e  
1932 anil \vitli SLP anomalifs much like 
tllnae sl-io\z.n in Fig. 1R. The  1983, l9S9, anci 

199G winters were ~narlieil ly the highest 
pcosit~ve \.aluez ot the NAO iniies recorlleil 
h~nce 136-1. 

\lariatinn. 111 the ill~a,si.tarionary plant.- 
tary \vav2> in the atmi]aphe~-e, arilonq other 
i;ictiors, proiluce spatially coherent large- 
s c ~ l e  patriirils id ani~malieb in local surtace 
\.ari;lhlea on inter,innu,il a11d lonqer tilne 
,~ccllcs (4, (5). Such patterns can be ohstlr\.eil 
In the s~lribce temperature and sea-su1i:ace 
tel-ilperatrlre ( S T )  ,lnomallea (7) for the 
perioLl fro111 l9S1 to 1993 (Flg. 2). T h e  gen- 
eral pattern has lieen one ot  cooling over the 
oce,lns anil \varmlng over the contineilts. 
T h e  North Paeltic bas111 temper,ltrlre anom- 
alies. \\,ith \varming cilong the wert coast ot 
North ;i~-ilerica c ~ n d  LAlciska and coolillg 111 

the central Sort11 Pacitlc, l-iave l~eeil  ll~lkeii 
to a ul~.tantlal decaL1;ll cllange in the atl-ilo- 
spheric circ~llatlon, \\.hie11 corre~pondeii to '2 

dcel~eile~l east\v,ird-ahlfte~l Aler~tian lo\\ 
yre,ysure 51 .tern Jrlrin? the winter halt o t  the 
year and l a ~ t e ~ l  ~hro r~ghou t  mclst ot the 198& 
($3. 9). Cl?ailges 111 the lllean tlon- were ac- 
cclmpail~ei! 1.y a southnaril shift In the .;torn? 
track. anil associ,lteii y ~ ~ ~ ~ p t i c  eddy actlvlt\- 
(9) anil 111 >r~ri;lce ocean sensll~le and latent 
Ile,it t l r ~ s e ~  ( 16).  It h,is l ~ e e n  h\pothesired 
that the l'ac~tlc Jecadal tiille sc,lle variation 
has ~ t s  oriuln ~n the troplci (9 ) ,  and ~ e v e r ~ l l  
m o ~ l e l ~ ~ l  studles have contirmetl that North 
I'acific ,itnlosliheric c l rc~~lat ion changes are 
controllecl 111 p l r t  by anom~ilouh tri>pical Pa- 
citlc S T  L~rclng ( l l . 12) .  

Llecadai changes in the at~uospheric cir- 
c~ilatio1-i and li)\ver tropiosyheric telnpera- 
turfs ~lurlng n.li-itcr over the  Sort11 LAtlant~c 
,~nci adjacent 1;iniI area>, howevel-, (10 not 
appe~ir ti) be ,is strongly ~ntluenced h\- trrop- 
1c;ll Pacltlc S5T vari,lliilltv ( 12. 1.3). T h e  
,111o111~ilou~ col~l l~e>s aver the pa.t ilecclcle 
near Greenlanil am1 the e,lstern l'leL1iterrx- 
ne,in, ,111~1 the very Iv'lrm conrl~tioils over 
Scan~llna\.la, uo r t l~em Europe, tile L~rnler 
Soviet Unioil, ,lr?~l much of central "iia 
(Fly. 21, are more strG)ngly 11nLeii to the 
recent 1.el-iavior of thc N A O .  T o  i.;ol,ire the 
llnportant c o l ~ l ~ l e ~ l  moLle~ a t  vari;il>llity he- 
ti\-een the SLP ;ind q~ui,rce temperature and 




