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Introduction e T tomon  ines o N, _'Nz 1 In Fig. 1, we presgnt a comparison bgtween In comparison with the RB formalism, half-widths obtained from the new formalism are significantly
The phenomenon of collisional transfer of intensity due to line mixing has an increasing importance for ol « e e 1 calculated half-widths (i.e., real parts of the diagonal eruced and become closgr to measured data. In Table 1, we present calcqlated half-widths together
atmospheric monitoring. From a theoretical point of view, all relevant information of the line mixing is 65 L1 & e ] elements of W) from the RB formalism and the new  with measured data by Pine et al. (JQRST 50, 337 (1093)) for some lines with k = 3. The agreement
contained in the relaxation matrix whose diagonal ele,ments give half-widths and shifts, and off- ol| | ° e, 1 theory. In general, new calculated results are reduced betweep the new yalugs and the data is very goqd. We also pre_sent.the ca]culated comlplex
diagonal elements correspond to line interferences. For simple systems, accurate fuIIy’ quantum 55 || l Ce L . 1 by 15 % and become closer to measured data and  relaxation sub-matrix with k = 6 whose real and imaginary parts are given in Matrix 2 and Matrix 3.

calculations are feasible. However, fully quantum calculations become unrealistic for more complex
systems. On the other hand, the semi-classical Robert-Bonamy (RB) formalism, which has been widely
used to calculate half-widths and shifts for decades, fails in calculating the off-diagonal matrix

elements. As a result, in order to understand the line mixing, semi-empirical fitting or scaling laws such

results obtained from the full quantum close coupling
* + 1 (CC) method.

Furthermore, a re-normalization procedure can be
applied to improve the accuracy of calculated off-
diagonal elements. we present comparisons between
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From these W matrices, one can obtain all information about the line mixing. For example, one can
conclude that the doublets are strongly mixed.

Table 1. Self-broadened half-widths (103 cm™ atm™)of NH, lines in the v, band
| Exp.
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as the ECS and 10S models are commonly used. Recently, we have found that in developing the RB L 1 ived fs at T = 298 K and that 656.18 644.83  630.95 627.51 54361 539.76  483.12 476.02 42273  448.77
formalism, without justification these authors had applied the isolated line approximation in evaluating R e S S og[ .rendo;ma IZCeC re?# gfa = e aln ? DET 66048 66007 61606 61600 562.61 561.87 498.64 49845 44538 44545
the scattering operator given in exponential form. Furthermore, it is this assumption that blocks the a6 gf \;a\n;(r}’e j) r(??unitgngf (1) O'3Ocr:rsno-2ngtrsne'1e)cv3itheje-mA?HGS DE 74790 74758  687.96  687.89 62170 62110 54138 54122  479.06  479.06
ibili ' ' iminati ' iustifi icati Fig. 1 Calculated half-widths of Raman Q lines from the RB and ) -h Y, : : : 3 PI
possibility to calculate the whole relaxation matrix at all. By eliminating this unjustified application, and negw o e ottd byt g AQVaIues e e ose and 8 in Fie. 2 As shown in the figure. the Matrix 2. A real part of 16 x 16 sub-matrix of relaxation operator (103 cm™ atm) with k = 6
rately evaluating matrix elements of the exponential operators, we have developed a more . protsd bY ' J. <. Jure, 6606 —3584 00 000000 ~109 13200 000000 ~18 L7 00 0.0
accu Y . J . . P P ’ ped d coupling method are given by o and two measured results are ggreements are verv aood cee |-3584 6603 00 00 00 00 -145 -109 00 00 00 00 -18 -18 00 00
Capable formahsm. W|th th|S. new formahsm, we are now a.ble nOt Only tO reduce Uncerta|nt|es fOI‘ p|otted by 0 and X. g ry g ' Em:es; 0.0 0.0 6319 =3321 0.0 0.0 0.0 0.0 4.4 59 0.0 0.0 0.0 0.0 —04 —0.4
calculated half-widths and shifts, but also to remove a once insurmountable obstacle to calculate the I = venormalized sem-classical resuls B resceen | 00 003521 6318 0.0 90 0000424400 00 0000 ~04 0 -04
h | | \ \ 16 - :renortmahzed Istem|-cla35|cal results 14 - —e— quantum results —=&— renormalized semi-classical results H 66a < 765 0.0 0.0 0.0 0.0 630.8 —336.2 0.0 0.0 0.0 0.0 -34 -3.3 0.0 0.0 0.0 0.0
whole relaxation matrix. Auantm fesuls ~equantum resuts K oscra | 00 00 00 00 -3362 6306 00 00 00 00 -39 -34 00 00 00 00
i 127 10 - 76s<76a | —13.2 =109 0.0 0.0 0.0 0.0 -=3119 5946 0.0 0.0 0.0 0.0 =167 -12.0 0.0 0.0
- - . Ne Formallsm - 10 ' N Eseaims 0.0 0.0 -44  —42 0.0 0.0 0.0 0.0 569.6 —289.6 0.0 0.0 0.0 0.0 -42 =52
A. A derivation error in developing the RB formalism ] s ] - o Wowero | 00 00 -52 44 00 00 00 00 -2896 5698 00 00 00 00 41 —43
: ' ' ' o ] 2 6 2 6 8 76a ¢ 86s 0.0 0.0 0.0 0.0 -34 -39 0.0 0.0 0.0 0.0 567.7 =296.0 0.0 0.0 0.0 0.0
The error occurs in a process to apply the cumulant expansion for the operator of exp(iS; — S,) in xS Z 0 i Flrce | 00 00 00 00 33 34 00 00 00 00 -290 577 00 00 00 00
developing the RB formalism. Because Robert and Bonamy adopted a wrong definition of the . - | B sacsss | 18 -18 00 00 00 00 120 -167 00 00 00 00 5360 -2767 00 00
i i i i i 2 24 7 W gescssa | —1.7 18 0.0 0.0 0.0 0.0 -153 =120 0.0 0.0 0.0 0.0 =276.7 536.2 0.0 0.0
average of the cumulgnt expansion, their expression for the operator of IS, — S, is not correct. The 5 : N e 0 00 —04  —04 00 00 000 00 a2 —a1 o0 o0 oo v sis1 —gee3
difference between their expression and the correct one is T e S A ] o T M osscae L 00 00 —04 04 00 00 00 00 -52 -43 00 00 00 00 -2553 51521
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It turns out that this subtle difference results in profound consequences. Within the RB formalism, iS, - B Infrared P and R lines of C-H. broadened bv N ENEERER (2323 -034 00 00 00 00 004 003 00 DO 00 00 001 001 00 0D -
S, depends on states of the bath molecule and its matrix dimension equals to (# of lines) times (# of '_ | . ~2r 2 y N> o | S 00 00 229 167 00 00 00 00 02 02 00 00 00 00 005 006
bath States) In Contrast, within the new forma”sm, this Operator IS independent Of the bath states and For |nfrared lines where initial and fmal rotational quantum numbers are not |dent|Ca|, to calculate Oﬁ'd|ag0na| W8 765 < 66a 0.0 0.0 1.67 -1874 0.0 0.0 0.0 0.0 027  0.28 0.0 0.0 0.0 00 0.05 0.06
its matrix dimension equals to # of lines. elements of iS, — S, requires more resonance functions than Raman Q lines. However, by introducing symmetric  Fce |50 00 00 00 181 —zit a0 00 00 60 -02s -0z 00 a0 60 00
As a result, within the RB formalism, one has to diagonalize a huge size matrix for each of collisional ~ two dimensional Fourier and Hilbert transforms, we have developed a tool to solve this difficulty. By applying this B =<7 |00+ —00s 00 00 00 00 17270 —013 00 00 00 00 003 00 00 00
trajectories. On the other hand, one only needs to diagonalize a much smaller size matrix for each method to the C,H, — N, system, we have successfully calculated the W matrices based on a new updated E%Ms 00 00 027 027 00 00 00 00 1983 246 00 00 00 00 029 032
. . . . I mi I I I I 86s < 76a —
of trajectories. As an example, the computational burdens for the N, - N, system could differ by 68,900 potential m,odell. S|m|.|ar JFO the Nz - N2. SyStem,.the tensor rank L, of the potential mU§t be even, lines with even | EEY o< 5o 8:8 8:8 06.209 06.208 _((’)-25 _%-25 3:8 8:8 26%06 10:'3(-)77 1(2’:26 _ggl 8:8 8:8 06.209 06.302
“mes Mam'y due to th|S d|ﬂ’|Cu|ty, Robert and Bonamy had to app'y the |So|ated ||ne approximation to Va|ueS don t m|Xed W|th ||neS W|th Odd J |n |\/|atI‘IX 1, we present ad Ca|CU|ated VV matrIX IN the ||ne SpaCG COnSt”Cted E 76s < 86a 0.0 0.0 0.0 0.0 —-0.23 -0.23 0.0 0.0 0.0 0.0 —-2.51 -19.05 0.0 0.0 0.0 0.0
; " ; ; r o ; 1T : I ' ' I 86a<8s 001 -0.01 0.0 0.0 0.0 0.0 —-0.03 -0.03 0.0 0.0 0.0 0.0 14.69 0.05 0.0 0.0
evaluate eXp(|S1 - 82) Unfortunately, It IS thIS Slmpllfylng assumptlon that blOCkS the ablllty Of thelr by R(O)’ P(z)’ R(Z)’ " R(4O)’ and P(42) The dlagonal elements Of thls matrlx are CalCUlated half—WIdthS |n m865686a —0.01 =0.01 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 005 1476 0.0 0.0
formalism to calculate Oﬁ_diagona| elements of the relaxation matrix W at all. This is the intrinsic comparison with the RB reSU|tS, the new values are S|gn|f|Cant|y reduced and closer to measured data. E %ac8es 1 ()0 0.0 005 005 0.0 0.0 0.0 0.0 029 029 0.0 0.0 0.0 00 1881 236
' ds<86a L (.0 0.0 0.06 0.06 0.0 0.0 0.0 0.0 0.32 0.32 0.0 0.0 0.0 0.0 236 —12.71

reason why the RB formalism fails in studying the line mixing.

Fig. 2 (a)-(c). Comparison of our renormalized results and the CC values for some selected off-diagonal elements

Matrix 1. A 42 x 42 sub-matrix of relaxation operator (103 cm! atm) in the P and R line space

Matrix 3. An imaginary part of 16 x 16 sub-matrix of relaxation operator (103 cm atm™) with k=6

B. The isolated line approximation adopted by Robert and Bonamy B [ e e % em L BT Nm e B I S S0 e S oplications for asymmetric-top molecules
Based on the isolated line approximation, Robert and Bonamy assumed that Blin | 200° 1261 Sie 1oboz 298 —itos 2as  oar o0 —ass e -nr | Soor oo —om| Ihenew formalism is also applicable for asymmetric-top molecules. Many papers have been devoted
& if| e=I51752 [if o= o<ifI-iSi=Salif> E @ |-356 277 <1345 294 10560 261 1394 219 676 18 461 163 - 001 001 000 to the line mixing for molecules important in atmospheric applications. But, few of them epr|C|tIy carry
| | o A A0 284 m1336 0 27 1024z 282 —1393 202 697 178 480 - 002 000 00 out numerical calculations for the H,O lines. In general, because energy gaps between Q|fferent H.ZO
and only calculated the diagonal elements of W from the expression of Bl s® | 144 304 199 -582 210 -1269 207 9790 193 —1472 176 -743 - —002 o000 —o001| states are pretty large, one expects that effects from the line mixing are negligible. This conclusion
nyv i db o . E N A O o S S o R was supported by a paper by K. S. Lam in 1977. He calculated the line mixing for 11 lines in the
L if|Wl|if »=— ] 2T (b —) d‘l‘c[l — e<<lf|_lsl_52|lf>>]. Bl w0 | -116 127 —243 156 -386 167 —598 170 —13.01 166 9526  1.56 001 —0.02 0.00 microwave region and found that the line mixing is weak. With the new method, we have verified his
2mc o ar; ve o 087 m1se 3z m2bd 150 =393 1s8 603 159 ~1331 a4 9483 ~004 000 =002 calculations and confirmed his works, regarding either the mixing selection rules or the weakness of
Unfortunately, this assumption is not valid in many cases and due to this unjustified assumption, e e ot o N O v e C s SR the off-diagonal elements mixing some of these lines. However, among all 11 lines considered by
calculated half-widths and shifts contain errors. Furthermore, because only diagonal elements of W E& e [ 000 -000 000 —000 000 —000 000 —000 000 —0.00 000 —001 - —809 003 4476 him, none of them are in favor of the line mixing. As a result, the group considered by him is not a

are available, they had to assumed that matrix elements of the resolvent operator is given by
L if ‘ - -

lf > = w—wif—inb<<if|W|if>> .
Thus, they can't consider the line mixing at all.

wW—Lg—inpW

C. The new formalism capable to consider the line mixing

Within the new formalism, because the size of iS, — S, is small, one can diagonalize this matrix and
accurately evaluate all matrix elements of << i’ f'| e7*1752 |if >>. Then, the whole matrix elements
of W can be calculated from the expression of

C. Parallel and perpendicular Bands of CO, broadened by N,

For the CO, molecule whose rotational constant is small (i.e., 0.4 cm™"), one must consider the line mixing and
sizes of the W matrices would be pretty large. For the X—X and the X—I1 bands, we have calculated a 122 x
122 and a 183 x 183 of matrices of W, respectively. Some results are presented in Figs. 3 and 4.
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candidate to have significant effects. His conclusions are correct, but the applicability is limited. One
should not apply it everywhere without exception. In fact, we have found that there are dozens of
strongly coupled lines. For example, for a pair of 1554 <—155,, and 155,, <154, IN comparison with
results obtained from the RB formalism, calculated half-widths could be reduced by 5 % and
meanwhile, variations of calculated shifts could be as large as 25 %. In summary, one can conclude
that for most of the H,O lines, it is unnecessary to consider the line mixing. But, there could be
exceptions in vibrational bands.

With the new formalism and accurate potential models, we have studied the line mixing for linear ,

I b _ § symmetric-top, and asymmetric-top molecules perturbed by molecules. So far, for such complex
K UfIWIif »>= —Zb f 2m (b d—> dre (8,185 =< ' f'| 751752 |if > | “oZ Tzomeprsenuon - systems, there are no “first principle” calculations existing and one has to rely on the semi-empirical
e remin e y— Ttn20g reseatwon - ECS and 10S models. In comparison with the latter, the present formalism does not neglect the

The method is applicable for all trajectory models and for complicated accurate potentials. After the W
matrix is available, one can easily obtain the Rosenkranz line mixing parameters with

d W
Y, =2 z d—l X ———,
l+k K Dk @1

where d, are reduced dipole matrix elements and «, are line frequencies.

Applications for linear molecules

A. Raman Q lines of N, lines broadened by N,
We have considered Raman Q lines of N, in N, bath. For the Raman Q transitions, lines can be
simply labeled by a number of Q(j) (i.e., ] =} = J;). Due to the symmetry, the line mixing occurs only
among lines with the same evenness or the oddness of Q(j). As a result, the whole W matrix is
divided into two sub-matrices constructed by even Q(j) and odd Q(j), respectively. Based on an
accurate potential model, we have calculated these matrices.
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Fig. 3. Comparison between ECS and our results of off-diagonal  Fig. 4. Comparison of the ECS line mixing coefficients and the
elements of W coupling R(16) to other R(J') lines. present results with measured data in 2 — 2 band.

Applications for symmetric-top molecules

We have considered the v, band of NH, and calculated the W matrices in NH, bath based on a potential model
consisting of the dipole-dipole, dipole-quadrupole, and quadrupole-quadrupole interactions. The v, transitions

occur between two NH, states that have the same k, but different vibrational inversion symmetries. Because the
potential does not cause line coupling between two lines with different k values, the relaxation matrix is divided by
sub-matrices associated with different k values. In the present study, we have considered 217 lines whose initial
angular quantum number j, are less than 9. With this cut-off, there are 9 sub-matrices associated with k =0, 1, ...,
8 and their corresponding dimensions are 17, 46, 40, 34, 28, 22, 16, 10, and 4.

internal degrees of freedom of the perturbing molecules and enables one to obtain the whole
relaxation matrix starting from the potential energy surface. Thus, the calculated results are more
physics sound. Thus, the present work opens a door to provide information of the line mixing for
molecules important in remote sensing applications.

All these W matrices are available to readers by their requesting
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