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34
where� is a coupling constant with dimension appropriate for the Hamiltonian density, �(x) is a
Lorentz-scalar �eld and � is the Heaviside step function, with values 0 or 1, for its negative and
positive argument, respectively. The combination� (x 0 � y0)� ((x � y)2) in (2) ensures the Lorentz
invariance, i.e. invariance under the proper orthochronous Lorentz transformations, since the
order of the times x0 and y0 remains unchanged for time-like intervals, while for space-like
distances the interaction vanishes. Also, the same combination makes the nonlocal interaction
causal at the tree level, which dictates that there is no interaction when the �elds are separated
by space-like distances and thus there is a maximum speed ofc = 1 for the propagation of

4. Lagrangian model of fermion mass splitting
It has been shown [27] that, by including the CPT-violation only in the interaction term of a
Lorentz-invariant Lagrangian, the equality of masses of particle and antiparticle remains valid.
The question arises whether a Lorentz-invariant model can be constructed in which the masses of
particle and antiparticle split. Obviously, besides CPT violation, such a model has necessarily
to feature C and CP violation, since otherwise the antiparticle can always be de�ned by an
operation containing C and ensuring the equality of masses.

In the present nonlocal formulation, we have a new possibility which is absent in a smooth

information.

On the other hand, it is clear that C and P invariance are trivially satis�ed in (2), while T
invariance is broken due to the presence of� (x 0 � y0) in the integrand.

One can always insert into the Hamiltonian (2), without changing its symmetry properties,
a weight function or form-factor F ((x � y)2), for instance of a Gaussian type:

F = exp

 

�
(x � y)2

l2

!

; (3)

with l being a nonlocality length in the considered theory. Such a weight function would smear

nonlocal extension of theCPT-even local �eld theory. The term i� � (x) (y) (to be precise,
i� � (x ) (x)) with a real � does not appear in the local Lagrangian since it is canceled by its
Hermitian conjugate. Also this term is CPT-odd. But in the present nonlocal theory one can
consider the Hermitian combination

Z
d4xd4y[� (x 0 � y0) � � (y0 � x0)]� ((x � y)2 � l2)[i� � (x) (y)]; (7)
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d wou
h l !
ry. T

he e�

e hav

C

P

out the interaction an
of fundamental lengt
Lorentz-invariant theo
parameter relating t

CPT = �1. In fact, w
compacti�ed dimension wh
such a weight function, the
envisage the existence of

There exists a whole c

i.e., quantum breaking of

T

and thus the overall trans
CPT = �1.

It is thus interesting to
Z

4

ld guarantee the desired behaviour of the integrand in (2); in the limit
0 in (3), the Hamiltonian (2) would correspond to a local, CPT- and
he nonlocality length l could be looked upon as being a characteristic
ective �eld theory to its parent one, for instance the radius of a
en the parent theory is a higher-dimensional one. Furthermore, with
interaction vanishes at in�nite (x � y)2 separations and thus one can

in- and out-�elds.
lass of suchCPT-violating, Lorentz invariant �eld theories involving

e the following transformation property of the operator part

: i� � (x) (y) ! i� � (y) (x); (8)

: i� � (x 0; ~x) (y0; ~y) ! i� � (x 0; � ~x) (y0; � ~y);

: i� � (x 0; ~x) (y0; ~y) ! �i� � (�x 0; ~x) (�y 0; ~y);

formation property is C = �1, P = 1, T = 1. Namely, C = CP =
examine a new action, proposed in [28],
di�erent, scalar, spinor or higher-spin interacting �elds [25]. Typical simplest examples are:

Z

)�

(x

y

tim
a

es
s a
ati
tio
et
is
no
ist
B

tz-
ur
l.

� � 

�

Fo
en

� (y

on

ipx

[� (
H int (x ) = � d4y � �
1(x)� 1(x

H int (x ) = �
Z

d4y � (x) (x)�

H int (x) = �
Z

d4y �(x)� (x 0 �

The above Hamiltonians are nonlocal in
a unitary S-matrix in general. In addition, M
momentum conservation in this class of theori
suspect that this di�culty noted by Marnelius i
canonical momentum and canonical quantiz
and related di�culties with canonical quantiza
Schwinger's action principle, as explained in d
has an advantage when applied to the analys
the notion of canonical momentum, which is
Instead, the canonical structure, should it ex
de�ned in the path integral formalism by the
path integral thus de�ned is manifestly Loren
energy-momentum conservation is thus ens
momentum operator does not exist in genera

S = d xf � (x)i @�  (x) � m

�
Z

d4y[� (x 0 � y0) � � (y0

which is Lorentz invariant and Hermitian.
C = CP = CPT = �1 and no symmetry to
masses.

The Dirac equation is replaced by

i � @�  (x) = m (x)

+i�
Z

d4y[� (x 0 � y0) �

By inserting an ansatz for the possible soluti

 (x) = e�

we have

6pU(p) = mU(p)

+ i�
Z

d4y
Lorentz symmetry, is� � ((x � y)2 �

= mU(p) + i�[
(x 0 � y0)� ((x � y)2)� 2(y) + h:c:; (4)

0 � y0)� ((x � y)2)�(y ) + h:c:; (5)

0)� ((x � y)2)� 2(y) + h:c: (6)

e, and thus we expect di�culties in de�ning
rnelius [26] showed the breakdown of energy-
if one naively applies canonical quantization. We
ssociated with the absence of the well-de�ned
on in theories nonlocal in time. To avoid this
n, we use the path integral which is based on
ail below. This path integral is quite general and
of a theory nonlocal in time: we do not start with
t generally de�ned in theories nonlocal in time.
, is fully extracted later from Green's functions
jorken{Johnson{Low (BJL) prescription. The
invariant and, in fact, Poincar�e invariant. The
ed although the canonically quantized energy-
Even the possible presence of Lorentz anomaly,

reliably detected by the path integral.

(x) (x) (9)

x0)]� ((x � y)2 � l2)[i� � (x) (y)]g;

r the real parameter �, the third term has
sure the equality of particle and antiparticle

(10)

0 � x0)]� ((x � y)2 � l2) (y):

U(p); (11)

x 0 � y0) � � (y0 � x0)]

l2)e�ip(y �x) U(p)

f + (p) � f � (p)]U(p); (12)

http://dx.doi.org/10.1016/j.cplett.2010.08.013
mailto:hgk@kiku.dk
mailto:henrik@chemistry.otago.ac.nz
http://dx.doi.org/10.1016/j.cplett.2010.08.013
http://www.sciencedirect.com/science/journal/00092614
http://www.elsevier.com/locate/cplett


D. Mogensen et al. / Chemical Physics Letters 498 (2010) 18…21 19
OH-stretching overtone transitions, and above 70 km absorption of
radiation in the Lyman- a region involving excited states with large
Rydberg character [11,12,14] .

An interesting alternative is to consider two-photon excitation
to the lower lying electronic states as a competing photodissocia-
tion mechanism of H 2SO4 in the atmosphere. Two-photon excita-
tion to the lowest lying electronic states in H 2SO4 could be
achieved with photons with wavelength of � 280 nm; photons that
are much more abundant in the atmosphere, than the � 140 nm
photon required for one-photon electronic excitation. We have cal-
culated two-photon excitation energies and intensities for the 8
lowest lying electronic states in H 2SO4. Furthermore, we suggest
a way to calculate the J-value for dissociation of a molecule by
two-photon electronic transitions, and we calculate the J-value
for photodissociation of H 2SO4 via two-photon absorption, at alti-
tudes of 30 and 100 km. We compare our calculated two-photon
J-values with previously calculated one-photon J-values. Previ-
ously, the atmospheric production of OH radicals by a sequential
two-photon excitation mechanism has been suggested to be of po-
tential interest [19] .

2. Theory and calculations

Vertical excitation energies were calculated by linear response
theory and are the same for one and two photon excitations. Inten-
sities of the two-photon excitations were calculated by quadratic
response theory. Both excitation energies and intensities were cal-
culated with the D ALTON program [20] . We have used a hierarchy of
coupled cluster response methods, including the coupled cluster
singles (CCS), the second order approximated coupled cluster sin-
gles and doubles (CC2), and the coupled cluster singles and doubles
(CCSD) methods. Coupled cluster response theory has previously
been shown to give highly accurate results for both one-photon
electronic excitation [21…23] and calculations of non-linear re-
sponse functions [24,23] , from which the two-photon excitation
is derived. We have used the Dunning type correlation consistent
basis sets supplemented with additional tight d basis functions
on sulfur; cc-pV(D + d)Z, aug-cc-pV(D + d)Z, and cc-pV(T + d)Z [25…
27] . We refer to these as V(D + d)Z, AV(D + d)Z, and V(T + d)Z, respec-
tively. The additional tight d functions have been shown to
signi“cantly improve the geometries and energies of sulfur con-
taining compounds [28,29] . We investigate how the intensity of a
two-photon electronic transition in H 2SO4 depends on the fre-
quency of the photons absorbed, using the less computationally
demanding, density-functional response theory hybrid Becke-3-
parameter-Lee…Yang…Parr (B3LYP) functional [30…32]. All the
electrons were correlated in the computations. Calculations were
performed on the experimental geometry of H 2SO4 [33] .

The transition moments for an absorption of two photons with
identical frequency can be given as the sum-over-states expression
[34,35]

Mab
f  gðx Þ ¼

X

i

hWgjl ajWi ihWi jl bjWf i

x i � x þ
hWgjl bjWi ihWi jl ajWf i

x i � x ð1Þ

Mab
f  gðx Þ� ¼ Mab

g f ð� x Þ ð2Þ

where Wg; Wi, and Wf are the wave function for the ground, interme-
diate, and “nal electronic states, x i is the transition energy from
ground state to the intermediate state, x is the energy that corre-
sponds to the speci“c frequency of the photons used to probe the
molecule, and l a and l b are the a and b components, respectively,
of the dipole moment operators ( a; b ¼ x; y; z). In exact response the-
ory the two-photon transition moments are symmetric with respect
to complex conjugation and sign inversion of the frequencies, result-
ing in transition moments that are real. However, in coupled cluster
response theory there exists no such complex conjugations, since a
biorthonormal parameterization is used [36] . Instead one works
with two-photon transition strengths, which are obtained as a sym-
metrized product of •left• and •right• transition moments [37]

Sgf
ab;cd ¼

1
2

ðMab
g f ð� x ÞMcd

f  gðx Þ þ Mcd
g f ð� x ÞMab

f  gðx Þ� Þ ð3Þ

When the two-photon transition strength for photons of any polar-
ization is averaged over all orientations of the absorbing molecule,
the result is [38]

dTP ¼ FdF þ GdG þ HdH ð4Þ

where dF; dG, and dH are molecular parameters, and F, G, H are coef-
“cients depending on the polarization of the incident laser beams.
For our calculations we only use linear parallel polarized light,
and the coef“cients are then F ¼ G ¼ H ¼ 2 [36] . The three param-
eters dF; dG, and dH will be calculated as [36]

dF ¼
1

30

X

a;b

Saa;bb ð5Þ

dG ¼
1

30

X

a;b

Sab;ab ð6Þ

dH ¼
1

30

X

a;b

Sab;ba ð7Þ

In order to compare the two-photon intensities with experimental
data we convert the transition strengths (in a.u.) into cross sections
given in the Göppert-Mayer unit; 1GM ¼ 10� 50 cm4 s

photon . The two-pho-
ton cross section for a given transition using two identical photons
is expressed in the Göppert-Mayer unit by [39,40]

r ðmÞ ¼
p2e4

c2e2
0h2 x 2gðmÞdTP ¼ 4p2a2x 2gðmÞdTP ð8Þ

where a is the “ne structure constant a ¼ e2

4pe0�hc

� �
and g (m) the band

shape function, which is often represented by a G AUSSIAN pro“le.
For non-identical photons the conversion equation is similar to

Eq. (8). However, the cross section at a given frequency becomes a
sum of contributions from the G AUSSIAN pro“les associated with all
the transitions arising from using two photons of different energy.
We have simpli“ed this summation by assuming a box model in-
stead of the GAUSSIAN pro“les. For a given wavelength of the “rst
photon we calculate the transition strength. We assume this
strength to be constant within the box of width Dk. The function
g (m) is in frequency space and we convert the box width to a fre-
quency width ðDmÞ. Since g (m) is normalized, its hight gmax is Dm� 1.
This can be used in Eq. (8) to calculate a cross section value that
can be used within the box.

We suggest that the J-value for two-photon transition to an ex-
cited state can be calculated in a manner similar to the one-photon
expression by [41]

J¼
Z Z

r ðk1; k2ÞFðk1ÞFðk2Þ/ ðk1; k2Þdk1dk2 ð9Þ

where k1 and k2 are the wavelengths of the two photons, r ðk1; k2Þis
the wavelength dependent two-photon cross section given in the
Göppert-Mayer unit, F (k) is the frequency dependent solar ”ux,
and / is the quantum yield. We integrate over the wavelength of
the photons exciting the molecule, but the wavelength of the two
photons depends on each other, since the sum of the energies of
the two photons equal the excitation energy to a given electronic
excited state. Thus in practice the double integral is only a single
integral. In our calculations we sum the J-values for transitions to
the eight lowest lying electronic states and we “x / to 1. We use
the TUV radiation model to calculate the solar ”ux from 120 to
800 nm [42] . The calculated ”ux is averaged over a 24 h period,
for 26 � N to 32 � N, from April to May.






