
Water on the Sun: Line Assignments spectra of most (cool) molecules to very 
high accuracj-. However, such a perturba- 

Based on Variational Calculations tive t r ea tme l~ t  diverges for na tes  eve11 for 
relatively lo\\--1)-ing levels (1 5). '4lterna- 

Oleg i. Polyansky," Nikolai F. Z O ~ O V , "  Serena Viti, ti1.e treatmellts are based o n  direct, \,aria- 

Jonathan Tennyson, .i. Peter F. Bernath,? Lloyd Wallace tiollal solutiol~s of the  Schriidinger equa- 
t ion t0r the  nuclear lllotion problem of 
small molecules such as Ivater ( 16)  and use 

The infrared spectrum of hot water observed in a sunspot has been assigned. The high exact nuclear-motion kinetic-energy oper- 
temperature of the sunspot (3200 K) gave rise to a highly congested pure rotational ators, ~ v l ~ i c h  do  not  separate l~ibrational 
spectrum in the 10-micrometer region that involved energy levels at least halfway to and rotational motion. These  direct vari- 
dissociation. Traditional spectroscopy, based on perturbation theory, is inadequate for ational approaches have f o u ~ l d  some pre- 
this problem. Instead, accurate variational solutions of the vibration-rotation Schrodinger vious success in  the  assignment of the  
equation were used to make assignments, revealing unexpected features, including spectra of floppy van der LVaals molecules 
rotational difference bands and fewer degeneracies than anticipated, These results (17) .  However, thej- still usuallj- relj- o n  
indicate that a shift away from perturbation theory to first principles calculations is t he  (Born-Oppenheimer) separability of 
necessary in order to assign spectra of hot polyatomic molecules such as water. t he  nuclear and electronic m o t i o ~ l  of the  

system. Non-Born-Oppenheimer effects 
are kno1~11 to be significant (a t  the  -1- 
cm- '  level) in hydrogen-containing mol- 

T h e  detailed interpretation of the  inha-  A t  its densest, the  su~lspot  spectrum con- ecules (18) .  
red spectrum of hot  water is one  of the  t a i~ l s  about 5 0  (na te r )  lines per n.ave num- For this na rk ,  calculations u-ere per- 
important unsolved problenls in molecular her. This density implies that  calc~llatiolls formed wit11 the  use of a high-iluality, ah 
spectroscopy ( 1  ). Spectroscopic data o n  with a n  accuracy better than  C.C1 c m P 1  initio Born-Oppenheimer potential-ener- 
ho t  n7ater is required tor the  lllodelillg of a for a vast range of transitions are necessary gj- s~lrface (19) .  T h e  mass-dependent adl- 
\vide variety of systems. In astronomj-, \\,a- to  make assignments. Such accuracy is far abatic correction to  the  Born-Oppenhei- 
ter vapor is the  lllost important source of beyond many of the  s t a ~ d a r d  approsima- nler approximation, a h i c h  is significant 
infrared opacity in the  spectra of 0x7-gen- tions of tlieoretical molec~llar spectrosco- for rotationally e s c ~ t e d  water, n.as ~ n c l u d -  
r i c l ~  late-type stars ( 5 ,  3 ) .  For s~lhstellar py. Here we report the  a s s ~ g l ~ m e l ~ t  of pre- ed (23) .  ,411 approsinlate allo~vance for 
objects such as l ~ r o \ v l ~  dlvarfs, water is the  viously published spectra taken from e m s -  the  n o ~ l a d i a b a t ~ c  correction was included 
111ost abunclant molec~l le  after l~ydrogen ~ I O I I  In the  laboratory (11 ,  12 )  ( 7  - by the  use of a n  H-atom Illass midn.ay 
( 4 ,  5) .  H o t  a.ater is a primary product of l55O0C, wave numbers 370 5 6 5 930 between t l ~ a t  o f H  and a bare proton (22) .  
t he  combustion of hydrocarbol~s and has cmP1:  T - 1000"C, 900 5 i j  5 2000 T h e  nuclear m o t i o ~ l  calculatiolls (21)  used 
been detected in emission from forest fires cm-:) and from absorption in  sunspots a discrete variable representation (DI7R)  
( 6 )  and from the  flame of, for example, a n  (13)  (T  - 3C009C, 750 5 6 5 l C l 0  of the  v ~ b r a t ~ o n a l  Lvave fu l~c t ion  and the  
oxyacetylene torch (7).  Othe r  applica- c m P 1 ) .  DVR3D program s u ~ t e  (52) .  Le\-els \\it11 
tions i l~clude the  s i m u l a t ~ o l ~  of rocket Trad i t~ona l  high-resolution spectrosco- rotational angular lllomelltulll j LIP to  1 3  
plumes (8). py is based 011 the  separabil~ty of electron- were consiilered; levels wit11 higher J are 

T h e  ullfrared spectrum of the  na te r  ic, vibrational, and rotational motion. Vi- ul~doubtedly present 111 sunspots, but 
~ l lo lec~ l l e  has been the  s ~ ~ b j e c t  of numerous b r a t ~ o n s  are described in  terms of harmon- strong transitions lie largely o ~ ~ t s ~ d e  the  
studies, both  experimental and theoreti- ic oscillations, and rotatlolls are treated as spectral windon. cons~derecl here.  Dipole 
cal. T h e  results have been gathered in those of a rigid body (14) .  These zerotll- trallsltioll intensities ne re  computed using 
stallclard compilations ( 9 .  J C ) ,  v\-h~ch are order models are used as the  basis of per- ah illitlo dipole surfaces ( ?3 ) ,  and spectra 
widely used for m o d e l ~ n g  and spectral tu rba t~ve  espansions, n h ~ c h  reproduce the  ne re  gener'3ted assumi~lg thermal ecluilth- 
analysis. Ho\ve\.rr, t he  spectrum of water 
a t  temperatures T > 800°C relllains poorly 
ul~derstood. 111 nlost of the  sunspot spec- Table 1. Hghest energy level E obsenled prevousyand asslgned In th~s  work as afuncton of vibratonal 
truln (T = 300O0C), n.ater could only be state. For thls s~vork, calculated values of the energy levels are glven. Note that besdes a substantal 
idelltifled by comparison 'IYltlI a lIigl,-tem- ncrease n E, ocir results also give a substant~al increase In K,. Unt~ now, trans~tions nvovi~ig h~gh K, 

perature laboratory n-llich de- levels have proved pae~cularly hard to asslgn. A full list of ass~gned trans~tions , J V I  be pubshed 
else\~~here (.?GI. 

rives from substantially cooler water (T = 

1550°C) and l i e~ lce  IS much less dense ( 1 ). Prev~ous This work 
Both spectra relllain largely unass~gned. 
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riunl a t  tlie appropriate temperature 
Analysis of the  sunspot spectra was un- 

dertaken in a nuinher of steos. First, all 
t ransi t~ons  hetween energy levels known 
from previous work (7,  24-29) were as- 
signed; such assignments, wliicli we call 
trivial, form only a minor part of the  
spectrum. Second, the  sunspot spectrum 
was divided into four echelons o n  the  basis 
of intensity: strong t ransi t~ons  with 6 to  
8% absorption, medium transitions with 4 
to  6% ahsorption, weak absorptions ~v i t l i  2 
to  4% absorption, and poorly resolved 
structure with <2% absorption. W e  con- 
centrated o n  the  strong and mediuin tran- 

L 

sitions but are confident that  extension of 
our calculations to  higher vibrational 

u 

states will allow assignment of the  weaker 
transitions. Third ,  the  scectrum was ana- 
lyzed in terms of branclies. ,4 branch was 
defined as a series of transitions involving 
colnnlon sets of levels each defined by Ka 
= J - 11, where n is constant for each set 
of levels and Ka is the  approxiinate pro- 
jection of the  total angular momentunl ] 
along the  rotational axis with the  srnallest 
moment  of inertia. 

Our  variational calculations are no t  
completely accurate, largely as a result of 
residual errors in the  Born-Oo~enhe imer  

L L 

potential. However, t he  errors vary slowly 
and syste~natically wi th  J for a given 
branch, and it is therefore possible to step 
alone members of the  branch starting from " " 

low J transitions, which are generally well 
characterized, to the  ~ rev ious lv  unas- 
signed higher J lines. ~ d r  transitjo~ls ob- 
served bo th  in the  laboratory ( T  - 
1000°C) and in sunspots ( T  - 3000°C),  
we obtained a crude confirination of each 
assignment by comparing the  ratio of line 
intensities with that  estimated from Boltz- 
mann  distributions a t  the  appropriate tern- 
Deratures. Previous studies of h o t  water 
assigned energy levels up to  -1 1,000 
c m p '  above the  ground state (7, 24-29). 
\Ye found that  in  the  sunspot spectrum, 
the  strong transitions originated mainly 
from states in  the  12,000 to 17,000 c inp '  
region, although transitions involving 
states above 22.000 cmp '  were also suc- 
cessfully assigneb. W e  have approximately 
doubled bo th  the  energy range for which 
assignments have been made and  the  
number of experimentally k n o ~ v n  energy 
levels (see Table 1 ) .  O u r  assigned levels 
reach about half\vav t o  dissociation. W i t h  
the  exception of the  rotational difference 
bands discussed below, all of these transi- 
tions involved changes i n  rotational but 
no t  vibrational quantum numbers. Sample 
portions of the  sunspot spectrum, with our 
assignments, are presented in  Figs. 1 and  2. 

Analysis of the  laboratory spectra in- 
volved techniques si~nilar to those de- 

scribed above for the sun; we assigned a h o ~ ~ t  
300C out of the  47CC transitions observed in 
the 480- to 900-cmp' region. Transitions 
1 ~ 1 t h  i j  > 900 c m p l  in the laboratory spec- 
tra were associated with clianoes in both 
vibrational (mostly hy one ~ l u a n t ~ ~ r n  in the 
hending mode) and rotational ouantum 
numbers. I11 this case, the variat~onal cal- 
c ~ ~ l a t i o n s  are generally less accurate (up to 3 
cm-'  from the  ohservat~ons) than our pre- 
dictions for the  pure rotational transitions, 
but tlie errors remain systematic so that 
again assignments can he made. Beca~lse the  
sunspot spectrum is generally contaminated 
bv telluric features a t  these fresuencies, it 
cannot be used for confir~ning assignments. 
Ho\vever, for vibrational bands, assigninent 

of 60th P (A] = -1) and R ( A J  = +1)  
transitions involving a particular level can 
be used to conf i r~n the assignments. Solne 
1750 transitions have heen assigned to tran- 
sitions between pure hending states: the 
(OlO)+(CCO), (020)+(010), (010)+(020), 
(040)+(030), and (050)+(040) hands 
( I S ) .  Trans~tions to the (050) state at - 7 1342.39 i- 0.05 cm-' had not previously 
heen observed, althougl~ an  inaccurate value 
of 7552 cm-I had been inferred from a per- 
turhative analysis (3C). 

Our  assignments aho~v  tha t  the  spec- 
trum of h o t  water displays a numher of 
unexpected features. In  particular, a ~ L I I ~ -  
her of rotational difference transitions 
(3 1 ) occur alongside the  pure rotational 

0.76 /_1___1___1__-. I 1 1 LLI 
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Wave number (cm-I) 

Fig. 1. Part of the sunspot spectrurn of Wallace el a/.  (131. Features previously associated with water by 
comparison with laboratory spectra are labeled H,O. Quantum number assignments. gven as 
(upper) - J,yq,z (lower) for various v~brationa states, are marked (K, IS the approxmate project~on of J 
along the rotatonal axs  w~th the largest moment of Inertia). Ths portor? of the spectrum   lust rates the 
congested nature of the sunspot spectrum. 

Fig. 2. Part of the sun 
sp i t  spectrum of Wal- 
lace el a/. (13). The only 
feature prev~ously asso- 
c~ated with water by 
comparison w~th abora- 
tory spectra is labeled 
H,O; ass~gnments for 
the features labeled SIO 
and OH are well known. 
Ths reglon of the spec- 
trum IS sensitive to h~gh- 
er water levels, and 
therefore, many of the 
hnes that we asslgn are 
not seen n the cooler 
laboratory spectrum 

Wave number (cm-I) 
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transitions of vibrationally excited states 
when the rotationallv excited states of two 

Recent studies of highly excited rota- 
tional levels of H2X (X = 0, S, Se, or Te) 
molecules have concentrated on the ten- 
dency of the levels in these systems to form 

Dense Plasmas, S. chmaru and S Ogata, Eds. (Ad- 
dson-Wesley, Readng, MA, 1995), p, 193. 
B. R. Oppenheimer, S. R. Kukarn, K. Mathews, T. 
Nakaima. Science 270. 1478 ( 1  9951. nearby vibrational states interact and per- 

turb each other. This interaction leads to H worden, R. Beer, C. P. R~nsland, J. Geophys. 
Res. 102, 1287 ( 1  997). 
J.-M. Flaud, C. Camy-Peyret, J.-P. Mallard, Mol. 

a doubling of the number of observed tran- 
sitions because the pure rotational transi- 

near-hegenerate fourfold clusiers (32). such 
clustering has been observed for H,Se and Phys. 32, 499 ( 1  976). 

Propulsion and Energetcs Panel, Viiorking Group 21, 
INATO AGARD (Advisory Group for Aerospace Re- 
search and Development) Advisory Rep. 287 (Febru- 
aiy 1 993). 
J.-M. Flaud C Camy-Peyret, R. A Toth, Water 
Vapour L~ne  Parameters from Microwave to Medium 
infrared (Pergarnon. Oxford, 198:) 
L. S. Rothman et a/. . J. Quant. Soectrosc. Rad~at. 

- 
H,Te, hut not >et  for water. Our assign- 

ments and extensive calculatlo~ls sueeest 
tions are augmented by cross transitions 
between the vibrational states (Fig. 3). A -" 

that neither clustering of the vibrational 
ground state (type I )  nor clustering between 
the (100) and (001) stretching states (type 
11) occurs in water. 

A nurnher of hieher levels of water show 

systematic series of tra~lsitions occurs he- 
tween the symmetric stretching fi~nda- 
mental, (100), and the (020) bending 
state. In this case, there are strong inter- 
actions for all states with K, = 10 and 
weaker ones with Ka = 9, 11, and 12. 
These interactions lead to a complete 
band of rotational difference transitions 
that arise from Fer~ni interactions (31). 
We found analogous rotational difference 
band structures for the polyads coupling to 
both (030) and (040) bending states. Un- 
derstanding these interactions proved to 
be crucial in extending the assignments to 
high values of Kd 

The standard co~npilations of water lines 
(9, I C )  cotltain many of the pure rotational 

Transfer 48, 469 (I  992). 
0. L. Poyansky, J. R. Buser, B. Guo, K. Zhang, P. F. 

" 
a more fundamental degeneracy splitting. It 
is a standard result of the rigid-rotor model 
that levels with even and odd Wang ~ a r i t y  

Bernath. J. Mol. Spectrosc. 176, 305 (1 996). 
0. L. Polyansky, N. F. Zobov, J Tennyson, J. A. 
Lotosk~. P. F. Bernatti, ibid., n Dress. 

- &  ' 

and high K, are extremely, often indistin- 
guishably, close. This behavior is well 
known spectroscopically (1 4) .  However, we 
found that for a number of levels, this de- 
generacy was lifted. In each case, the cause 
of this splitting was interaction with levels 
from a higher vibrational state. Again these 
Coriolis interactions can be included in 
standard perturbative analyses, hut only on 
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Obs. Tech. Rep. 1994-01 (1994). 

14. G. Herzberg, Moiecular Spectra and Molecuiar 
Structure (Van Nostrand, New York, 1945), vol. 2. 
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Schwenke, [J. Chem Phys. 106, 461 8 (1997)l. 

20. N. F Zobov. 0 .  L Polyansky, C.  R. Le Sueur, J. 
Tennyson, Chem. Phys. Lett. 260, 381 (1996). 

21. For more detas  on ttie nuclear moton calculations 
used here, see (12). 

22. J. Tennyson, J. R. Henderson. N. G. Fulton. Com- 
put. Phys. Commun. 86, 175 (1995). 

23. W .  Gaboe, E.-A. Relnsch, P. Rosmus, S. Carter, N. 
C. Handy. J. Chem. Phys. 99. 897 ( 1  993). 
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51. 142 ( 1  974). 
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Lett. 41 . L23 11 9801. 

transitions that accompany the rotational 
difference bands hut none of the difference 

a case-by-case basis. 
Although the work presented here con- 

cerns hot water, many of the characteris- 
tics of the snectrurn will be colnlnon to the 

transitions. As these transitions are of similar 
strength, this is clearly a serious omission. 
There is nothing unique about water when it 
comes to these difference bands, and we 

spectra of other light polyatomic mole- 
cules at high temperature. A full quantum 
mechanical treatment based on variation- 
al calculations will therefore he necessary 

anticipate that they will he a general feature 
of the spectra of all hot polyatomics. We 
note that the (Coriolis or Fermi) interac- 
tions that cause these transitions are a nat- 

for spectral analysis and modeling of such 
systems. This treatment is already the 

ural part of our full variational treatment of 
the problem hut will only arise in perturba- 

norm for much simpler diatomic systems, 
which dimlay none of the s~ect ra l  features 
describedibove, and for the H,+ ~nolecule 
133). This change remesents a maior shift 

tive treatments if appropriate terms are in- 
cluded in the effective Hamiltonian used. 
This calculation can often only be done 
once the emp~rical effect has been noted. 

" L 

away from analysis of higll-re~olution 2 8  R, A. Toth, J. 'Opt. SOC. Am. B 10, 1526 11993). 

spectra on the basis of perturbation t h e o  o N u ~ ~ f 0 ~ $ d 3 ~ ; :  ~ ~ s ~ ~ ~ \ ,  ,, ,,, spec- 
ry, which has underpinned the subject for trosc, 11 7, 195 (1 986). 
more than half a century. 31. 0. L. Poyansky. J. Tennyson. P. F. Bernath, \bid., in 

Variational calculatidrs are computa- 
tionally much more expensive than stan- 
dard perturbative analysis (34) but also 
yield more information. Spectroscopic 
data and iterative variational calculations 
can be used to fit effective potentials for a 
given system. Such approaches are already 
in wide use for small molecules such as 
water ( 1  9 ,  35). They have been shown to 
give a much more compact representation 
of the data than the traditional vibration- 

preparat~on. 
32. P. Jensen. G. Osmann. I .  N. Koz~n. in Vibration- 

Rotat~onal Spectroscopy and Molecular Dynamics. 
D. PapouSek. Ed. (Advanced Series n Phys~cal 
Chemstry 9 .  World S~~ent i f i c .  Sngapore, 1997). 

33. J. Tennyson, Rep. Prog. Phys. 58. 421 (1995). 
34. The present calculations nvoved full d~agonalization 

of many matrices of dmension 1000 and p a 9 a  (~ t -  
erative) d~agonal~zation of matrices of d~mension 
150 x ( J  + 1). Each set of levels thus takes a feiv 
hours on a powerful workstaton, In contrast, pertur- 
batve calculations are generally lhm~ted to matrces 
of dmenson less than a 100 and can be performed 
on a personal computer. 

35, 0, L. Poyansky, P. Jensen, J. Tennyson, J. Chem. 
Phys. 101 , 7651 ( 1  994); ibid. 105, 6490 ( 1  996). 

36. 0, L. Poyansky et a/., J.  ,?do/. Spectrosc., in 
preparation 
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a1 state-by-vibrational state approaches 
based on perturbation theory and have 
vastly superior extrapolation properties 
(35). Fig. 3. Schematic diagram illustrating the rota- 

tional difference transitions between the (020) and 
(1 00) vibrational states and states with JKFKc equal 
to 10, , and 11 ,, , . Observed transition wave 
numbers and energy levels are given in wave 
numbers (cm-'). Observation of any three transi- 
tions gives the wave number of the fourth. Its 
observation thus confirms the assignments of all 
four transitions. 
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