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Matter parametric neutrino flavor transformation through Rabi resonances
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We consider the flavor transformation of neutrinos through oscillatory matter profiles. We show that the
neutrino oscillation Hamiltonian in this case describes a Rabi system with an infinite number of Rabi
modes. We further show that, in a given physics problem, the majority of the Rabi modes have too small
amplitudes to be relevant. We also go beyond the rotating wave approximation and derive the relative
detuning of the Rabi resonance when multiple Rabi modes with small amplitudes are present. We provide
an explicit criterion of whether an off-resonance Rabi mode can affect the parametric flavor transformation

of the neutrino.
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I. INTRODUCTION

Neutrinos are constantly produced by stars, and they are
also emitted much more intensively during the violent
deaths of massive stars through core-collapse supernovae
albeit for only a brief moment. The neutrinos from stellar
objects and other astronomical sources provide a unique
probe to observe these objects and to study the properties of
the neutrinos themselves (see, e.g., Refs. [1,2] for reviews
on solar neutrinos and supernova neutrinos). The inter-
pretation of the neutrino signals from astronomical sources
depends on the understanding of the flavor transformation
or oscillations of the neutrinos. A well-known mechanism
for a neutrino to experience flavor transformation is the
Mikheyev-Smirnov-Wolfenstein (MSW) effect when the
neutrino propagates through a region where the matter
density varies smoothly across a critical value [3,4]. Inside
the stars and supernovae the matter densities may have
rapid changes and fluctuations which can also leave
important imprints on the passing-through neutrinos
[5-13]. In an extreme case supernova neutrinos can become
completely flavor depolarized as they traverse the turbulent
region behind the supernova shock [10].

A matter profile with density fluctuations can cause
neutrino flavor conversion through parametric resonances
even when the matter density never crosses the critical
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value (see, e.g., Ref. [14] for a review). For example, a
neutrino can achieve a maximum flavor conversion if the
matter density varies sinusoidally on a length scale which
matches that of the neutrino oscillation in matter with the
mean density [15]. Using the Jacobi-Anger expansion and
the rotating wave approximation Kneller et al. have shown
that a parametric resonance can also occur when the
neutrino oscillation frequency with the mean matter density
matches a harmonic of the spatial frequency of the
sinusoidal matter fluctuation [16]. This result has been
generalized to the scenarios with matter fluctuations of
multiple Fourier modes [17], slowly varying base profiles
[18] and three-flavor neutrino mixing [19].

The existence of harmonic parametric resonances is
an intriguing phenomenon, but its physical origin is some-
what buried in the mathematical procedure employed in
Ref. [16]. It is not entirely clear why the flavor trans-
formation of the neutrino can be described by only a
handful of parametric resonances although there can exist
many more such resonances [18]. There also lacks a
criterion of when the rotating wave approximation fails.
We intend to address these issues in this short paper. We do
not consider the collective flavor transformation of the
neutrinos due to the neutrino self-refraction (see, e.g.,
Refs. [20,21] for reviews on this interesting subject).

The rest of the paper is organized as follows. In Sec. II
we show that the neutrino oscillation Hamiltonian with an
oscillatory matter profile has an infinite number of Rabi
modes which produce the harmonic parametric resonances.
In Sec. IIl we demonstrate that only a finite number,
usually a small portion, of the Rabi modes are relevant in a
physical situation. We also derive a quantitative criterion of
when an off-resonance Rabi mode may significantly affect
the parametric resonance. In Sec. IV we summarize and
conclude our work.
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II. RABI RESONANCES IN OSCILLATORY
MATTER PROFILES

A. Equation of motion

As in Ref. [17] we consider the mixing between two
(effective) neutrino flavors v, and v,. The flavor wave
function of the neutrino in flavor basis is ¥(f) = v, , wyx}T,
where y, = (v,lw) (@ =e, x) is the amplitude for
the neutrino in state |y) to be found in |y,), and
ly,.|* + [w, [* = 1. The flavor evolution of the neutrino
in matter is described by the Schrodinger equation

d . N
i-S @i (r) = HOWO(), (1)
dr
where the neutrino oscillation Hamiltonian is

HO = [, cos(20,) + (1] 2 + oy sin(20) 2. (2)

In the above equation, @, and 6, are the oscillation
frequency and the mixing angle of the neutrino in vacuum,
respectively, o; (i = 1, 2, 3) are the Pauli matrices, and
M(r) = v2Ggn,(r) is the matter potential at a distance r
along the neutrino propagation trajectory, where Gr. is the
Fermi coupling constant, and n, the net electron number
density. In Eq. (1) we have ignored the trace term of the
Hamiltonian which does not affect neutrino oscillations.
Throughout the paper we adopt the natural units with
h=c=1.

In this work we assume a stationary matter profile of the
form

A(r) = A9 + 6A(r), (3)
where 5A(r) is a small perturbation to the uniform back-

ground matter potential 1. As in Refs. [16,17] we define
the background matter basis

|z/(1m)> = cosOy|v,) —sinb,|v,), (4a)
™) = sin Op|v,) + cos Os), (4b)
where
O, = %arctan (%) . (5)
The Hamiltonian in the background matter basis is
Hm™ = —[a,, — cos(26,,)82] % + sin(26’m)5/1%, (6)

where

o = /0, c05(20,) — 4ol + [, sin(20,)  (7)

is the neutrino oscillation frequency in matter when 64 = 0.

For definiteness we use sin?(26,) = 0.093 in all the
numerical examples shown later in the paper. We also
assume that the background matter density is a quarter of
the value of the MSW resonance, i.e., 4 = %a)v cos(26,).
These values and the amplitudes of the matter fluctuations
are chosen to illustrate the general principles to be
discussed in this paper and do not necessarily reflect the
actual conditions in real physical problems.

B. Rabi resonance

We first consider a sinusoidal matter perturbation of
amplitude 1’ < w,, and wave number &,

SA(r) = A cos(kr). (8)
Because the fluctuation amplitude is small, we drop the

perturbation in the diagonal terms in Eq. (6) as a first order
approximation so that

-, Z AneiK”r
H(m) zl . n=+1 , (9)
20 5T AetiKr o,
n==1
where
K., =+k (10a)
and
in(26,,)A
A=A :w. (10b)

Equation (9) has the same form as the equation of motion
of a magnetic dipole in the presence of a magnetic field
with two components, a constant component in the vertical
direction and an oscillating component in the horizontal
direction. The transition amplitude between the up and
down states of the dipole can reach 100% at the Rabi
resonance where k = w,, (see, e.g., Ref. [22]).

It turns out that the neutrino flavor transformation
Hamiltonian with an oscillatory density profile can always
be cast into the form in Eq. (9). We call each term in the
sum of the off-diagonal element in Eq. (9) a Rabi mode
with A, and K, being the amplitude and wave number of
the corresponding Rabi mode. When the Rabi resonance
condition

(11)

is approximately satisfied, the transition probability of the

K, = oy

neutrino between [\"™) and [1{"™) takes the form
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in2(Qr/2
PNM’ (12)
1+ D;
where
K w
D, =— i 13
=% (13)

is the relative detuning of the Rabi mode, and

Q=A,\/1+ D2 (14)

is the Rabi frequency.

The relative detuning D,, is a measure of how much the
corresponding Rabi mode is away from its resonance. The
Rabi mode 7 is on resonance if D,, < 1 and is off resonance
if D, > 1. Because D_; > w,,/A > 1, the n = —1 mode
is always off resonance and is ignored by the rotating wave
approximation.

In Fig. 1 we compare the numerical solutions to the
Schrodinger equation and the results obtained by applying
the Rabi formula in Eq. (12) (with n = 1) for three matter
profiles with sinusoidal fluctuations of various wave
numbers. The good agreement between the two sets of
solutions justifies the approximations that we have made.

C. Jacobi-Anger expansion

The neutrino oscillation Hamiltonian in Eq. (6) actually
contains an infinite number of Rabi modes even for a matter
profile with a single Fourier mode. To see this we define a
rotated matter basis,

=
o

L kilwm=1
s k/wm=1-2x10"°3
e  ki/wn=1-10"%

o
[e)

0.6F
a [
0.4F
0.2F
0.0k

0 0.5 1.0 1.5 20 25 3.0 3.5 4.0

Wi (%10)
FIG. 1. The transition probabilities P between the two back-

ground matter states \y(lm>) and |y§m)) of the neutrino as functions
of distance r for three matter profiles all of the form A(r) =
Ao + A cos(kr). The different symbols represent the numerical
solutions to the Schrodinger equation with various values of k as
labeled. The continuous curves are obtained by using the Rabi
formula in Eq. (12) and ignoring the off-resonance Rabi mode. In
all three cases /' /w,, = 107*.

7)) = O™, 5y) = e IRy, (15)

where

20 r

n(r)—n(O):w / SAYdr. (16)
0

We note that the transition probability between |7;)

and |7,) is the same as that between [1\"™) and [1J").
The Hamiltonian in the rotated matter basis is

-] sin(20,,)64e"
. in(20,)5%¢

2 Lin(ZGm)é/le‘Zi” O

}. (17)

For the sinusoidal matter perturbation 54 = A’ cos(kr)
we take #(r) = cos(26,,)A sin(kr)/2k and apply the
Jacobi-Anger expansion as in Ref. [16],

(o]

elzsing — Z Jn(z)eimf’ (18)

n=-—oo

where J,(z) is the nth Bessel function of the first kind.
Utilizing the identity

@+ @ =206 (19

we obtain

. A ) ad )
2ip __ ikr —ikr inkr
A cos(kr)e® = 5 (e + e )n:E_oo J,(u)e
1 v )
- - kJ 1nkr’ 20
cos(26,) > nkJ,(u)e (20)

n=—oo

where u = cos(26,,)4’/ k. Therefore, the Hamiltonian in the
rotated matter basis indeed has a form similar to Eq. (9) but
with an infinite number of Rabi modes,

ZAneiK"r
H=_ ! : (21)

where n = 0, +1, £2, ...,

K, = nk, (22a)

and
A, = tan(20,))K,J,,(u). (22b)
Equations (11) and (12) show that a parametric reso-

nance occurs when @, matches a harmonic of the spatial
frequency of the sinusoidal matter fluctuation.
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When the n = 1 mode is approximately on resonance,

krwg>2 SIN (ng )/1/
1 2 ’

which reduces to Eq. (10b). Here we have used the
asymptotic form of the Bessel function

n 2 n
J,;(Z) z<V/n+1 (Z/ ') if
n:

n > 0. (23)
In applying the Rabi formula in Eq. (12) one has assumed
the rotating wave approximation and ignored all the off-
resonance Rabi modes.

D. Multiple Fourier modes

Now we consider the scenario where the matter fluc-
tuation has multiple Fourier modes,

8A(r) = Aacos(kyr+ ). (24)

where 1,, k, and ¢, are the amplitude, wave number and
initial phase of the ath Fourier mode, respectively. Using
the same technique as that in Sec. II C one can show that

_wm ZANei(K,‘\*'r'i'(DA/)
1 N

H =
2 ZANg—i(K.W-F‘I’N)
N

. (25)

Oy

where the sum is over all possible choices of N =
{--+,ng,---} with n, being an arbitrary integer associated
with the ath Fourier mode, and

Ky = noke. (26a)
q)/\f = Znagbav (26b)

and
(26¢)

A/\/ = tan(zgm)K./\/H‘lna (ua)

are the wave number, initial phase and amplitude of the
Rabi mode N with

~ c08(20,,) 4,

27
w, = @)

Therefore, one expects that the flavor transformation of the
neutrino is enhanced when the Rabi resonance condition

Ky = oy (28)

is approximately met. We note that the resonance condition
is independent of the initial phases of the Rabi modes.

ITII. FURTHER DISCUSSION
ON RABI RESONANCES

A. Amplitudes of the Rabi modes

The physics prescription presented in Sec. I[I D seems
simple and appealing, but there remain a few questions that
need to be answered. First and foremost, there can exist
many Fourier modes in a realistic matter profile. If 1y(r) is a
slowly varying function of distance r (as in most realistic
cases), at any given point one can almost always find some
or even many choices of N with which the resonance
condition in Eq. (28) is approximately satisfied. And yet
Patton et al. found that only a few resonances were needed
to account for the neutrino flavor transformation through
(at least some of) the matter profiles in supernovae [18].
They proposed that a parametric resonance is applicable
only when the density scale height

d/l() -1

h(r) = 4o dr

(29)

is longer than the length scale of the Rabi transition, or

Qh 1. (30)

This criterion makes physical sense because we have
assumed 4, to be constant in Sec. I D, which is approx-
imately true on the length scale of A.

Here we point out that, even if many harmonic para-
metric resonances may exist for a given oscillatory matter
profile, only a finite number, probably just a few, of them
are relevant in a physical problem. The reason is the
following. The Rabi oscillation frequency is determined
by the Rabi mode R that is (approximately) on resonance,
ie., Q= Ag. Using Egs. (23) and (26c) and identity
J_,(z) = (=1)"J,(z) we obtain

A\ 7al
Ag ~ oy, tan(zem)H’a<k—:) T (up). (31)
where [] includes all the “regular” Fourier modes with
Aa/ky < 1, and []” includes the rest of the Fourier modes.
One expects that most of the Fourier modes are regular if
the fluctuation amplitude of the matter profile is small. We
call |n,| the “order of contribution” to the Rabi mode R by
the ath Fourier mode. A Fourier mode is ‘“standby” if
n, = 0 and “participating” otherwise.! From Eq. (31) one
sees that there can be only a few participating, regular
Fourier modes and the order of contribution of each of these

't was pointed out by Patton et al. that a standby Fourier mode
b can kill the parametric resonance if u, happens to be a root of
Jo(z) [17]. This can happen only if the standby Fourier mode is
not a regular mode.
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Fourier modes must be small. Otherwise, the amplitude Ap
of the Rabi mode will be too small to be relevant. If,
however, the amplitude of a Fourier mode b is so large or its
wavelength is so long (but is still shorter than % or the
physical size of the system) that 4,/ k;, = 1, then, according
to Eq. (23), it can contribute to the Rabi mode up to the
order of |n| < (4,/k;)? or the amplitude of the Rabi mode
will be again too small to be relevant.

The above constraints on the contribution orders of the
Fourier modes put a stringent limit on the number of the on-
resonance Rabi modes that one needs to consider in a real
physical problem.

B. Interference between Rabi modes

The Rabi formula in Eq. (12) was derived assuming that
there exists only one Rabi mode. In Refs. [16-18] the
rotating wave approximation was employed, which is
equivalent to ignoring all the Rabi modes that are off
|

1
H ==
2

where

0y = sen(on — Ko)\/ (0n = Ko)* +A3 (35)
and
T(V)Z(KR+K0)V+(I)R+®0. (36)

Because Ap is small, we keep only the off-diagonal
oscillatory terms in H’ that are approximately on resonance
so that

1 _ ;n A iY(r)
Hao| —¢ RET. (37)
2 [Age™T() oy

This is exactly the Hamiltonian for a single-mode Rabi
system. Therefore, a resonance occurs when

Kp = o), = o, + Aw,,, (38)
where

A%)2
Wy — KO .

(39)

Awm :w;n_ (wm_KO) ~

*The interference between Rabi modes discussed here is
different than the suppression of the parametric resonance by
certain long-wavelength Fourier modes that was discussed in
Ref. [17] (see also footnote 1) and the three-flavor effect
discussed in Ref. [19].

—w), — Ag cos(Y(r)) sin(20)

Ag(e™cos?@ — € T(sin’@)

resonance. However, under certain conditions the rotating
wave approximation may fail, and off-resonance Rabi
modes can interfere with the on-resonance mode as we
show below.”

We first consider a Rabi system with an on-resonance
mode R and an off-resonance mode O. The Hamiltonian of
the system is the same as that in Eq. (25) except with
N =R and O only. We define a new basis

i s

where

:| |: ei(Kor+‘1>o)/2‘f/2>

| e

cos®

1 A
0= 5 arctan <70> . (33)

wm_KO

The Hamiltonian in this new basis is

Ag(eTcos?® — e~ 1(sin’@)

. (34)
@}, + Ag cos(Y(r)) sin(20)

[
Comparing Egs. (28) and (38) one sees that the resonance
frequency is shifted by Aw,, because of the off-resonance
mode. This shift of the resonance frequency due to the off-
resonance Rabi modes is known as the ac Stark effect (see,
e.g., Ref. [23]).3 The new relative detuning of the Rabi
system is

KR - (wm + Awm)
Ag

D, _‘ . (40)

The off-resonance mode has a significant impact on the
resonance if the change of the relative detuning

Aw,,

ADy = |D), — Dg| =
« = D =~ Dl = | 5

(41)

is of order 1 or larger, or, equivalently,

Aol 2 V2IAr(0n — Ko)| ~ V|Aglom.  (42)

This explains why the off-resonance Rabi modes can
be ignored in the case with a single Fourier mode (see
Fig. 1). When the n = 1 mode is almost on resonance, the
n = —1 mode does not satisfy the criterion in Eq. (42)

The resonance shift due to the n = —1 mode of the Rabi
Hamiltonian in Eq. (9) is known as the Bloch-Siegert shift
[24,25]. The shifts due to the other Fourier/Rabi modes can be
considered as the generalized Bloch-Siegert shift [26].
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because A_; = A| < w,,. The Rabi modes with |n| > 1
have even smaller amplitudes than the n = —1 mode.

We note that the Rabi system with two Rabi modes
describes a magnetic dipole in the presence of three
magnetic fields: B in the z direction, which corresponds
to the diagonal elements of the Hamiltonian H, and By and
B, which rotate in the x-y plane with different angular
frequencies K and K, and which correspond the two Rabi
modes in the off-diagonal element of H. The essence of
Eqgs. (32) and (34) is to transform the equation of motion
from the static frame to the reference frame that corotates
with B,. In this rotating frame one has only one rotating
field By and one static field B{, + B},, where the primes
indicate the quantities in the rotating frame. The static field
B|, + B/, is titled away from the z axis by an angle 20.*
Because we consider the scenarios where all the rotating
fields have amplitudes much smaller than |Bgy|, © is
small and can be ignored. Therefore, the system in the
corotating frame corresponds to a Rabi system with only
one Rabi mode B, the properties of which are given by
Egs. (12)—(14). The interference effect due to the off-
resonance Rabi mode B, is manifested in the change of the
magnitude of the static field |By| — |B{, + B))|.

For a Rabi system with one on-resonance Rabi mode and
two off-resonance Rabi modes all of which have small
amplitudes, one can transform the equation of motion to the
reference frame that corotates with one of the off-resonance
mode. In this reference frame there are only two Rabi
modes and the energy gap w,, changes to @,,. One can then
apply the results of the two-mode Rabi system that we
discussed above. In general, for a Rabi system with N
small-amplitude Rabi modes, one can always go to the
reference frame that corotates with one of the off-resonance
Rabi modes. In this corotating frame the number of Rabi
modes is reduced by 1, and one can apply the results of
the Rabi system with N — 1 modes. Using the reduction
procedure we find that, for the scenario with one on-
resonance Rabi mode and many off-resonance modes,
Eq. (39) is generalized to

Awy, ~ 43
a3 (43)

where the summation is carried over all the off-resonance
Rabi modes. In particular, if only a pair of off-resonance
Rabi modes O have large enough amplitudes to affect the

resonance, and if Ap, =Ap_and Ky, = —K,_, we have
A o
Aoy, ~— 22 (44)
m _ K20+

“The transformation in Eq. (32) also rotates the system so that
the static field Bj, + B/, is in the z direction.

The relative detuning of the multimode Rabi system is still
given by Eq. (40).
As a concrete example we consider a matter profile of
two Fourier modes,
A(r) = A9 + Ay cos(kyr) + A, sin(kyr). (45)
We choose k; = @, so that the Rabi mode R = {1,0} is
exactly on resonance. We choose the second Fourier mode

to have a long wavelength (k, = 0.1w,,) and a relatively
large amplitude (1, = 3201, = 3.2 x 10~%w,,). We com-

pute the transition probability P between [1\™) and [1\"™)
as a function of distance r by solving the Schrédinger
equation numerically, and the result is shown in Fig. 2. As
comparison we also show in the same figure the transition
probabilities predicted by the Rabi formula when only the
on-resonance Rabi mode R = {1,0} is included, both the
R mode and an off-resonance mode O, = {0,1} are
included, and the R mode and two off-resonance modes
O, and O_ = {0, —1} are included, respectively. One can
see that the numerical solution agrees very well with the
prediction based on the Rabi formula when three Rabi
modes R and O, are included. One can also see that the two
long-wavelength, off-resonance Rabi modes O. combine
to suppress the Rabi transition.

In Fig. 3 we demonstrate another case with the second
Fourier mode being a short-wavelength mode (k, = 10w,
and 4, = 0.1w,,). In this case, although each of the two
off-resonance Rabi modes O, is capable of suppressing
the Rabi transition by a large amount, the shifts of the
resonance frequency due to these two modes are in opposite
directions [see Eq. (39)]. As a result, the suppression of the
Rabi transition is not significant in the actual system.

1.0 . ~,
L 7 N .
L // N\ e numerical
F / N ——- 1 mode
0.8 / '\,\ ----- 2 modes
[ / \ —— 3 modes
F / \
0.6 // \
a L / \'\
H I e N et
L e o R g s /
0.4r s N \'\ s N/
L 1/ \ \ // N/
L /'// N \ S A
.I/ \\ Y / \\\
0.2 C '// \ /X\ X
L N FARN /
= . ) N /
| N, i B 7
0.0 TN BN B PRI RSP o I Dol A 110
0 0.5 1.0 1.5 20 25 3.0 3.5 4.0
Wl (X10°)
FIG. 2. Similar to Fig. 1 but for a matter profile of the form

Mr) = A + Ay cos(ki7) + Ay sin(kyr), where A/, = 1074,
ky/on =1, Jo/w, =32x 1072 and ky/w,, = 0.1. The filled
circles represent the numerical solution to the Schrodinger
equation, and the continuous curves represent the predictions
by the Rabi formula when 1, 2 and 3 Rabi modes are included,
respectively.
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1.0 <
L 7 N .
L / N e numerical
F S\ ——- 1 mode
0.8 ‘\,\ ----- 2 modes
- \ —— 3 modes
- \
0.6 \
L \
Q L . \ .
0.4F / ™ \‘\ . SN /
r / N \ / AN /
|- "/ \\\ »\ // g/
L 4 \Y N
0.2r- N\ / «-\' 7N
+ AN PR\ /
- K s 2 y/
- \\ /' . ./
Lo e e b b IS a2t b1 A1 111
0.0g 35 4.0
Wmr (x103)
FIG. 3. Same as Fig. 2 but with 4, /w,,, = 0.1 and k,/®,, = 10.

We note that, according to the discussion in Sec. IIT A,
for a given on-resonance Rabi mode (which is relevant to a
physical system), Eq. (31) implies that only a finite number
of off-resonance modes can satisfy the criterion in Eq. (42),
although an infinite number of Rabi modes exist in the
system due to the Jacobi-Anger expansion. For small
perturbations where the amplitudes of all Rabi modes
are much smaller than w,,, Eq. (42) demands that the
amplitude of a single off-resonant Rabi mode must be
significantly larger than that of the on-resonance mode to
affect the resonance. This can be true if the on-resonant
Rabi mode involves a few participating Fourier modes and,
therefore, has an amplitude much smaller than that of an
off-resonant Rabi mode with only one participating Fourier
mode. Even for an on-resonant Rabi mode with a single
participating Fourier mode, the ac Stark shifts of many off-
resonance, long-wavelength Rabi modes can add up and
change the resonant behavior according to Eq. (43).

IV. CONCLUSIONS

We have shown that the neutrino oscillation Hamiltonian
with an oscillatory matter profile can be treated as a Rabi
system with an infinite number of Rabi modes each with

contributions from various Fourier modes of the matter
profile. Neutrino flavor conversion can be greatly enhanced
if a Rabi mode is almost on resonance. Although the
existence of the harmonic parametric resonances has already
been shown in Refs. [16,17], our derivation adds more
intuitive understanding to this interesting phenomenon.
We have shown that the number of the Fourier modes
that participate in a Rabi mode and their contribution orders
cannot be too large or the amplitude of the Rabi mode
becomes too small to be relevant. As a result, only a finite
number of Rabi modes need to be considered for a real
physical problem. We have also gone beyond the rotating
wave approximation and studied the interference between
Rabi modes. This interference effect is different than the
suppression of the parametric resonance by certain long-
wavelength Fourier modes discussed in Ref. [17]. It is also
different than the three-flavor effect discussed in Ref. [19].
We have shown that an off-resonance Rabi mode can
significantly change the parametric resonance of neutrino
flavor conversion if the amplitude of the off-resonance
mode is sufficiently large. We have derived an explicit
criterion of whether an off-resonance Rabi mode can affect
the parametric resonance. A Fourier mode in the matter
fluctuation always results in (an infinite number of) pairs of
Rabi modes. Each pair of these Rabi modes has the same
amplitude but rotates in the opposite direction. We found
that the interference effects due to a pair of such Rabi
modes add up coherently if they have long wavelengths,
and they tend to cancel each other if the wavelengths of
the Rabi modes are short. As a result, the Fourier modes
with long wavelengths are much more likely to affect the
parametric resonance than the short-wavelength modes.
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