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We present dynamical calculations for the quantum parametric oscillator using both number-
state and coherent-state bases. The coherent-state methods use the positive-P representation, which
has a nonclassical phase space—an essential requirement in obtaining an exact stochastic represen-
tation of this nonlinear problem. This also provides a way to directly simulate quantum tunneling
between the two above-threshold stable states of the oscillator. The coherent-state methods provide
both analytic results at large photon numbers, and numerical results for any photon number, while
our number-state calculations are restricted to numerical results in the low-photon-number regime.
The number-state and coherent-state methods give precise agreement within the accuracy of the nu-
merical calculations. We also compare our results with methods based on a truncated Wigner rep-
resentation equivalent to stochastic electrodynamics, and find that these are unable to correctly pre-
dict the tunneling rate given by the other methods. An interesting feature of the results is the much
faster tunneling predicted by the exact quantum-theory methods compared with earlier semiclassi-
cal calculations using an approximate potential barrier. This is similar to the faster tunneling found
when comparing quantum penetration of a barrier to classical thermal activation. The quantum
parametric oscillator, which has an exact steady-state solution, therefore provides a useful and ac-
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cessible system in which nonlinear quantum effects can be studied far from thermal equilibrium.

I. INTRODUCTION

The steady-state behavior of the parametric oscillator
has been extensively studied. For the degenerate para-
metric oscillator (DPO), spontaneous switching between
the two above-threshold steady states due to thermal
noise! and tunneling due to quantum noise? have been
considered. In this paper we present calculations of the
mean time taken to tunnel between the states due to
quantum noise effects. These results are interesting for
several reasons. Quantum systems driven to a steady
state far from thermal equilibrium are a subject of much
current research. As well as given predictions for tunnel-
ing behavior in this environment, our results show that
good agreement is obtained between methods using a
number-state basis and those using coherent states.

The degenerate parametric oscillator has two regions
of operation: When the input laser field (pump) of the
fundamental mode is weak, the subharmonic (signal)
mode has a zero average amplitude. This is called the
below-threshold regime. If the pump is sufficiently
strong, there are two possible states of the subharmonic
field. These have equal intensities but opposite phases.
This is the above-threshold regime. It is the tunneling be-
tween these above-threshold phase states that we consid-
er in this paper. It is important to note that the tunnel-
ing considered here is not coherent tunneling, often called
quantum coherence.> The quantum tunneling considered
here is similar to that in quantum jump experiments,* and
is due to quantum effects in a nonequilibrium system.
Any coherent tunneling effects in the system we consider
will be strongly suppressed by the cavity losses.

The earliest calculation of phase switching in the de-
generate parametric oscillator was that of Woo and Lan-
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dauer.! This classical analysis only considered thermal

noise sources. The calculation was based on an electrical
circuit model, but it is directly analogous to the optical
case. Next, Graham’s pioneering study’ of quantum
noise analyzed the system using the Wigner representa-
tion.> This representation uses symmetrically ordered
operators, and gives equations that are more ‘“‘classical”
in appearance than the coherent-state representations
that we use. After introducing approximations which
effectively truncate the exact quantum-mechanical
Wigner equation into a semiclassical form, a mean tun-
neling time result was obtained that was similar in form
to the classical result. The only difference was that the
noise coefficient included symmetrically ordered vacuum
fluctuation terms in the subharmonic mode reservoirs,
while neglecting fundamental mode vacuum fluctuations.

Recently, we have obtained analytic results for the
mean quantum tunneling time that are significantly
different®’ from the previous calculations. We use a
coherent-state basis for the density operator, which leads
to an exact Fokker-Planck equation on a nonclassical
phase space,® whose tunneling eigenvalue is then obtained
asymptotically. In this paper we expand our earlier work
and include new calculations using a number-state basis.
The number-state calculation gives results that agree
with the coherent-state (positive-P representation) analyt-
ic theory. However, the number-state calculation does
require substantial computational effort to obtain results
with even a small photon number.

In addition we have performed a series of numerical
simulations using stochastic equations equivalent to the
exact positive-P Fokker-Planck equation. As expected,
we find that these simulations are in good agreement with
the number-state calculations. We have also carried out
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numerical simulations using the truncated Wigner
Fokker-Planck equations. This was done both for equa-
tions that neglect noise in the fundamental mode, and
also for a more complete set of equations that included
the fundamental mode noise. Neither of the truncated
Wigner theories agrees with the exact quantum-
mechanical results, except near threshold. Thus the trun-
cated Wigner technique, which is equivalent to stochastic
electrodynamics,” cannot describe true nonlinear quan-
tum processes. Of most interest is the agreement among
all the exact quantum-mechanical equations, which pre-
dict much shorter tunneling times well above threshold
than given by the earlier semiclassical theories.

II. PHYSICAL MODEL

The behavior of the degenerate parametric oscillator
may be formulated in terms of a simple model consisting
of an optical cavity and two quantized field modes, one at
frequency » and one at frequency 2w, which interact via
a second-order nonlinearlity. These modes are called the
subharmonic and fundamental modes. Both modes are
taken to be resonant with the cavity. Losses at the cavity
mirrors for both modes are included, the damping being
modeled by using reservoir modes with operators I'; and
f ;r The input pump field has frequency 2w and is treat-
ed classically. The interaction Hamiltonian for this two-
mode system is

A=1lixk*ala i—@]’a,]+inea 1—e*a,)

+a,f{+a it +a, 0 i+all, . 2.1)

Here a I,ZiJ{ and az,al are the annihilation and
creation operators for the two modes with frequencies @
and 2w, respectively, and k is the intermode coupling
constant. The first term in the Hamiltonian describes the
interaction between the two modes. The classical pump
amplitude injected into the fundamental mode at frequen-
cy 2w is €, while the remaining terms describe the losses
for the two modes at the cavity mirrors, with decay rates
v, and ¥, for the subharmonic and fundamental modes.
The processes described by this Hamiltonian are di-
agrammatically represented in Fig. 1(a).

When the fundamental mode decays rapidly compared
with the subharmonic mode, an alternative and simpler
model Hamiltonian can be used. This contains just one
quantized electromagnetic field mode at frequency o,
with the annihilation and creation operators @; and @ ;.
The Hamiltonian includes both a two-photon coherent
pump and a two-photon decay process for the subhar-
monic mode, in addition to the usual one-photon damp-
ing process with a damping rate of y;. The coefficients
employed are specified by the criterion that the correct
classical results must be regained in the classical limit of
large numbers of photons and also by comparison with
the two-mode model given above. The Hamiltonian for
this simple model is then
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The two-photon pump strength is ke/2y, and the
two-photon damping rate is k*k/4y,. This Hamiltonian
can be represented as in Fig. 1(b). The equivalence of this
Hamiltonian to the full Hamiltonian in the adiabatic lim-
it will be shown in Sec. IV. We therefore call the Hamil-
tonian for this system the ‘“‘adiabatically equivalent Ham-
iltonian.”

Either model described above can be used to obtain a
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FIG. 1. (a) A diagram representing the two-mode DPO Ham-
iltonian (2.1). The boxes correspond to the cavity modes. Each
arrow represents whether photons are being put into or taken
out of the modes, with pairs of arrows denoting pairs of pho-
tons. The classical pump puts photons into the fundamental
mode at a rate €. The decay processes remove single photons at
rates ¥, and ¥, for the subharmonic and fundamental modes, re-
spectively. The nonlinear interaction simultaneously takes sin-
gle photons out of the fundamental and puts two photons into
the subharmonic at a rate k. This process also occurs in reverse,
where two photons are taken out of the subharmonic and one is
put into the fundamental. (b) A diagram representing the adia-
batically equivalent DPO Hamiltonian (2.2). The same conven-
tions as for (a) are used. Here pairs of photons are put into the
subharmonic at a rate €x/2¥,, and removed at a rate €*«* /2y,.
There are two decay processes, of both single and pairs of pho-
tons, at rates ¥, and k*«k /4y ,.

subharmonic mode
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master equation for the time evolution of the density ma-
trix. From that master equation, a Fokker-Planck equa-
tion can be generated that describes the system in terms
of the coherent-state basis positive-P representation,'®

d . KE |, A +\2 K*e* 2 A
—p=Lp=||— — ai,
ar? P 2y, @y 2y, vp

+ —47/ [2a3pta 1)2 (af)za %ﬁ—ﬁ(ﬁl‘)z

where L is the superoperator describing the time evolu-
tion of the density matrix. By selecting the relative
phases of the quantum states, and hence the phase of «,
we can ensure that ke =x*e* with no loss of generality.'?
We also introduce the scaled variables

(2.4)

Here, g is the coupling constant scaled by the geometric
mean of the mode decay rates. The limit g2 <<1 corre-
sponds to the current experimental limits of large thresh-
old photon numbers. The time 7 is measured in cavity
lifetimes. Also, p is the pump amplitude scaled so that
the threshold condition of parametric oscillation is at
pn=1. Using these, the master equation reduces to

d Py A AN Py Py
—-p=iul@]’—aipl+2a,pa{—alap—pala)

+ig2aipa?—@ralp—paliall. (2.5

This master equation can be treated by expanding in a
suitable basis, using number-state or coherent-state
methods. These are dealt with in Secs. III and IV, re-
spectively. Alternative techniques, using the Wigner dis-
tribution, are treated in Sec. V.

We note here that Eq. (2.5) describes the evolution of a
Hilbert-space operator on a phase space of infinite dimen-
sion. The nonlinear terms mean that Heisenberg equa-
tion methods would result in equations with noncommut-
ing operator products. Perturbation-theory techniques
are also difficult to utilize, as all the coefficients can be
comparable in size. Thus these relatively standard tech-

niques are not useful in this problem.

Tnm_ le(1_1)8n+2m+1‘u\/](j_1)8n sm+2__
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which will be treated later, in Sec. IV. In this paper we
mostly consider the simpler system that corresponds to
the Hamiltonian (2.2). Using standard methods'! this
gives a zero temperature master equation of

1, (2.3)

III. NUMBER-STATE EXPANSION

An obvious method for solving the master equation is
to simply expand Eq. (2.5) over a number-state basis.
The number states are an orthogonal, complete basis for
the harmonic-oscillator Hilbert space. In this basis the
master equation reduces to an infinite matrix equation.
However, as any physical system must have a finite ener-
gy, a suitable energy cutoff will reduce the system to a
finite number of elements. The system can then be treat-
ed numerically.

We first expand p in terms of its number-state matrix
elements p(n,m). These are defined by

p(n,m)=(nl|plm) . (3.1

Thus, in the number-state basis, the time evolution is
given by
m> . (3.2)

4 m)=<n 2PN
arP’ di?

The equation for dp(n,m)/dt can be written in matrix
form using the Einstein summation convention on identi-
cal indices. We write p(i,j) as p;; and introduce the
four-dimensional transition matrix 7" to describe the
time evolution of p;;. Each element of this supermatrix
Tj™ is the rate of transition from the state p,, to the
state p;;. A positive rate implies that there is a flow of
probability into the state, and a negative rate means a
flow out of the state. The indices (ijnm) span the range
of possible photon numbers, zero to infinity. Using this

notation, Eq. (2.5) becomes

=GN+ LG =D+ = D8 +2V G+ DG+ Dsy; lm !

+g?V i+ D +2)(j +1D)(j +2)8);5m 2

where

1 ifi=n and j=m

nim= .
6 0 otherwise .

d
a-Pi =T7"Pum - (3.3)
The supermatrix 7;;™ is defined by
]
V(1D +2)8 75— LuV/(+1)(j +2)87m 2
(3.4)

The behavior of the system can be characterized in
terms of the eigenvalues and eigenvectors of the transi-
tion matrix T. The eigenvector corresponding to the zero
eigenvalue is the steady state of the system. The tunnel-
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ing eigenvalue is the smallest negative nonzero eigenval-
ue. However, before the eigenvalues and eigenvectors
can be calculated numerically, the problem must be made
finite. That is, we must place some limit on the max-
imum photon number allowed. This type of approxima-
tion will be valid if the high-proton-number states that
are ignored play no significant role in determining the
evolution of the system. Thus, by choosing the parame-
ters and a photon number cutoff N to suit these require-
ments, accurate calculations can be performed.

In addition to this truncation, we must reduce the
four-dimensional matrix T to two dimensions so that
standard eigenvalue and eigenvector software routines
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can be used. As a consequence the two-dimensional den-
sity matrix p is also reduced to one dimension. The
reduction in dimensions is achieved by stacking the
columns of p on top of one another, thus converting it
into a column vector. A similar process transforms the
transition matrix T into a two-dimensional matrix. Using

Greek indices to indicate the change, we can now write
(3.3) as

d
2P Thpp -

The new transition matrix is given by

TE=1pVi(i— D8 N 2+ Luvj(j — D8+ 2 —Lpv/ (i + 1) +2)85 2N 72— 1uV/(j +1)(j +2)8% 2

—{(+)+g i —D+j(j —D8F+2V (i + D + 185 ¥ ' +g2V i+ 1 +2)(j +1)(j +2)85 2N —*

where
a=(N+1)n+m (0<n,m=<N),
B=(N+1)i+j, (0=rn,m=N).

Here 83 is a Kronecker delta, but care does not have to
be taken to ensure that the (ijnm) used to calculate a and
B are in the range O—N. The nonzero elements of the new
two-dimensional transition matrix form seven bands
parallel to its diagonal. This new matrix is not Hermitian
(i.e., not symmetric, since its elements are real) because of
the one- and two-photon damping terms. The eigenvec-
tors of nonzero eigenvalues do not on their own corre-
spond to physical states of the system, any physical state

(a) 0

[
©
o

Eigenvalue A,
I

|
o
!

112 1.4 16 1.8 2

Pump strength wn

(3.6)

being a combination of the ground-state eigenvector with
a sum of other eigenvectors. Thus, as time passes, the
contribution due to the decaying eigenvectors becomes
zero, leaving just the ground-state eigenvector. In addi-
tion, not all of the numerically calculated orthogonal
eigenvectors are symmetric (Hermitian) in the (nm) basis.
However, these occur in transpose pairs with equal eigen-
values, so that Hermitian eigenvectors can be construct-
ed.

We label the kth eigenvalue by A, and its correspond-
ing eigenvector by pﬁxk) so that

poT)=3 Apexp(lemipld) .
k=0

(3.7)

Eigenvalue A,

' |

!
0.4 0.6 0.8 1

Noise strength g

FIG. 2. Graphs of the eigenvalue spectra obtained from the transition matrix T. In (a), the pump strength p is varied while the
noise strength g =0.25, and in (b) the noise strength g is varied while the pump strength £=2.00. Only the smallest few eigenvalues

are shown.
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Here the coefficients A4, define the initial state. We or-
der the indices k by the size of the real part of the eigen-
value, so that Re(A;)=Re(A; ;). Thus A, is the stable
eigenvalue (A,=0) and p*’ is the stable state. We call A,
the tunneling eigenvalue. Higher indices, k >1,
represent the other dynamics of the system that charac-
terize fluctuations on shorter time scales.

Specific results from these numerical calculations are
compared with results obtained using coherent-state basis
methods in Sec. IV. Typical results are presented in Fig.
2, where the smallest few eigenvalues are plotted as both
pump strength p and coupling (noise strength) g vary.
They demonstrate the characteristic of quantum tunnel-
ing, that there is an isolated eigenvalue near the ground-
state eigenvalue, with all other eigenvalues much larger
in magnitude. Unlike coherent tunneling, these eigenval-
ues are real rather than imaginary. This is due to the
presence of decay processes modeled by the reservoirs,
and reflects the fact that we are treating the dynamics of
an open rather than a closed quantum system.

We denote the mean tunneling time obtained from
these numerical procedures as Ty. Here T is defined as
the mean switching time of a two-state random telegraph
signal that has the same decay rate of amplitude as the
tunneling eigenvector. Thus T is related to the dimen-
sionless tunneling eigenvalue A, to

7/1TN=—%1 . (3.8)

Details of the numerical procedures used are given in
Appendix A. More than one software package was em-
ployed to ensure software reliability, and a number of
checks on precision and accuracy were used. This
method was successful for relatively large coupling g and
small pump strength p, where there are small numbers of
photons involved. This allowed truncations with around
N =40 photon number states, giving transition matrix
sizes of 40* elements or less. However, the diagonaliza-
tion method is not useful for the typical photon numbers
of N =10° found in many current experiments. The scal-
ing is even less favorable for multimode situations, where
the transition matrix has N*™ elements for m modes.

In summary, the number-state expansion method is
only useful for treating small numbers of photons, due to
the memory limitations of computers—and this is unlike-
ly to improve quickly since the size of the transition ma-

J

d
dr

62
+
Aal)?

The complex variables a and o' are independent as a
consequence of the positive-P representation. Since g is
related to P by a time-independent mapping, all the
eigenvectors of the Fokker-Planck operator L, that cor-
respond to nonzero operators must have eigenvalues

(n—gXa'?] |P(a,af,7) .
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trix grows explosively with increasing maximum photon
number.

IV. COHERENT-STATE
POSITIVE-P REPRESENTATION

Because the number-state methods are less useful at
large photon numbers, it is necessary to use alternative
techniques to study the parametric oscillator in this re-
gion. An obvious alternative is to use a coherent-state!®
basis. These states are especially of merit in the classical
limit of electromagnetic fields, as pointed out by
Glauber!* and by Sudarshan.!* The fact that operators
acting on coherent states have particularly straightfor-
ward representations in differential form allows for the
resulting equations of motion to be solved even in non-
classical regions. Here, due to nonclassical photon statis-
tics, an off-diagonal expansion of p in terms of coherent
states is used. Generalized P representations are normal-
ly ordered representations of this type. They have been
widely and successfully used!®7!° to predict the quan-
tum behavior of the parametric oscillator, as well as that
found in four-wave mixing,?° where squeezing was first
observed.?!

The positive-P representation is defined by®

S pla)a™| 5 o

p ffP(a,a ) (aT*Ia) dad®a' .
From this expansion, the master equation (2.5) can be
transformed into an equivalent Fokker-Planck equation
for the quasidistribution function P(a,aT), by using par-
tial integration. We note that the boundary terms are
normally assumed to vanish in transforming to the
Fokker-Planck equation form. However, Smith and Gar-
diner?? have pointed out the existence of anomalous re-
sults for the case of large nonlinear damping, in a master
equation similar to ours. These involve diverging trajec-
tories that occur for the coupling (noise strength) g > 1,
leading to nonvanishing boundary terms. For these
values of g, nonlinear effects dominate even when the
mean photon number is less than 1. This requires non-
linearities many orders of magnitude above those current-
ly achievable in experiment. Accordingly, we restrict our
results to g < 1, where trajectories are always stable.

With the assumption of vanishing boundary terms, we
obtain

4.1)

2

2 p(a,a', ) =LpP(a,a’,r)= %[a—aT(u—gzaz)]+%{aT—a[u—gz(aT)z]}+a—(,u—g2a2)
a

da?

(4.2)

f

identical to those of the superoperator L and transition
matrix 7.

Equation (4.2) is in turn equivalent to a pair of Ito sto-
chastic differential equations?? for the a and a' coordi-
nates,
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da=[—a+a (u—g2a®)dr+(u—g2a®'%dz, ,
4.3)

da'={—a'+a[u—gXa"?}dr+[u—gXa’)?]%dz, ,
where

The terms dZ, and dZ, are independent §-correlated
real-noise variables with a Gaussian probability distribu-
tion.”> Equation (4.3) has been obtained earlier using adi-
abatic elimination techniques!® starting from the two-
mode Hamiltonian (2.1). This demonstrates that our ini-
tial Hamiltonian is adiabatically equivalent to the two-
mode problem in the limit y,>>y,. An independent
proof of this equivalence, using master equation tech-
niques, was recently obtained by Mortimer and Risken.?*

As shown by Wolinsky and Carmichael,? the dynami-
cal evolution of the a and a' variables is simplified by the
existence of a bounded subspace of the four-dimensional
phase space in which any stochastic trajectory can be
trapped. Suppose a trajectory starts within the manifold
A(a,aT) defined by

Aa,a)={lga| <Vp,lga’| <V} . (4.4)

Here both a and a' are restricted to real values. In-
spection of the terms in Eq. (4.3) shows that both the
drift and noise terms remain real, so that the trajectory
must stay on the real plane. The trajectory is prevented
from crossing the boundaries at |ga|=Vy, |ga'|=vu
because on the boundary the transverse noise component
vanishes. Thus the trajectory must follow the determinis-
tic flow inwards, or be driven along the boundary by the
parallel noise component. This ensures that the trajec-
tories will be stable, provided their starting position is
within the bounded manifold. The initial quantum state
is taken to be the vacuum state, which is within this man-
ifold since it is at the origin.

Equation (4.2) has a corresponding potential Via,a)
and a steady-state probability distribution Pss(a,af)
given by

V(a,aT)Z —2aa’

—:g%{1n(u—g2a2)+ln[y—g2(aT)2]} ,
and
Pss(a,aT)ZN exp[ — V(a,a’)]
=N{(;¢—g2a2)[p—g2(aT)2]} 1/g2—1

Xexp(ZaaT) , (4.5)

where 0 =1—g?, and N is a normalization constant. We
note that in the case where the noise strength (i.e., the
coupling) g <1, this exact steady-state distribution has
vanishing boundary terms, in accordance with our as-
sumption when deriving the Fokker-Planck equation.
The critical points of this potential correspond to its
local maxima, minima, and saddle points. The minima
are particularly of interest as the system is most likely to
be in the region of these points. To find the critical
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points, the equations

aV

_=O s

da (4.6)
__.a_V_.;zo

Jda

are solved simultaneously for a and a'. Then the second
derivatives of the potentials are used to determine the
character of these critical points. Evaluating the first
derivative of the potential gives the critical points as

ga,=1tVu—o, gaBZi\/,u—a
or

ga,=+tVuto, —gal=+vu+to. 4.7

In addition, the point (ga,gaT)=(0,O) is a critical
point. Above threshold, and for o >0 (that is, for the
noise strength g < 1), both a, and az; have the same sign
on the manifold A(ay, a:g). The critical points on Ala,ah)
for small noise above threshold are therefore given by

(gao,ga$)=i(\//,¢—a,1/u—g)
or
(gao,gag)Z(O,O) . (4.8)

Evaluation of the second derivatives of V(x,y) shows
that for small noise strength g the point (0,0) is a saddle
point and that the other two are potential minima. The
main point of interest here is that above threshold (that

QV

14

FIG. 3. (a) An example of the above-threshold steady-state
probability distribution P(a,a’) obtained using the positive-P
representation [Eq. (4.5)] on the bounded manifold. The pump
strength is ©=1.50 and the noise strength g =0.25. (b) The
squares denote the edges of the manifolds A(a,af) and A'(u,v).
The dots indicate the locations of the above-threshold steady
states.
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is, for pump strength pu> 1) the steady-state probability
distribution Pss(a,aT) has two peaks, corresponding to
the two “phase states” the device is most likely to be in.
Figure 3(a) shows a typical steady-state probability distri-
bution.

It is useful to transform the equations so that the
diffusion or noise terms become constant. Simultaneous-
ly with this we rotate the directions of the axes by 45° so
that one axis lies along the line between the two steady-
state probability distribution peaks. New variables u and
v are defined in terms of a and o' by

¥
w1 | 8@ 1 |ga
u =sin == | +sin o1,
Vi Vi
; 4.9)
—un—! | 82 -1 |8
v =sin =— | —sin o
]
—a—P’(u,v,T)‘—“ ——— jpsin(u)—a [tan uty
or 2
% —usin(v)—7 |tan u;v

where 7=1—g?/2.
The corresponding Ito stochastic differential equations
are

du= jusin(u)—7 |tan u;—u
+tan | 22 | | ldr+V2gdZ, ,
(4.12)
dv= {—usin(v)—7 |tan u;U
—tan }dT+VEgdzv .

From the Fokker-Planck equation (4.11) an expression
for the tunneling time can be developed. Note that,
despite appearances, these equations are not periodic in u
and v due to the trigonometric functions. Their range is
restricted from —w/2 to +m7/2 by the definitions of u
and v in terms of the inverse sine function. The
transformed Fokker-Planck equation has the potential
solution

U(u,v)=—27 In|cos(u)+cos(v)| +u cos(u)—p cos(v) ,
(4.13)

and the steady-state probability distribution is given by

the equation
Py (u,v)=N'exp[ —Ulu,v)/g?] . (4.14)

The critical points of the potential in the u and v vari-
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How these new variables relate to the original variables
can be seen in Fig. 3(b). Referring back to the original
variables a,a it can be seen that in the new variables u
and v the line v =0 is equivalent to the line a=a'™. This
line represents the classical subspace of the phase space.
Thus the variable v is a nonclassical dimension which al-
lows quantum-mechanical effects to occur.

The bounded manifold A(a,a') has a counterpart in
the new variables u and v. It is

A(u,v)={|ul+|v| <m; u,v real} (4.10)

This manifold exists for noise strength g <V'2, the al-
tered noise bound being caused by the change of vari-

ables. The Fokker-Planck equation and Ito stochastic
differential equations in the variables a and a' can be
transformed into the new variables. The new Fokker-
Planck equation is
u—v
2
u— 82 2 82 2
+ +—=g* |P(u,v,7) , (4.11)
2 } } au2® a2t

ables are found where the gradient of the potential is
zero. In the case where the noise strength g is small,
G <1, and the pump strength is above the threshold level
(u>1), the critical points are found along the line v =0.
They are located at

(ug,v9)=1(0,0) ,
(4.15)

(1ug,v0)= |+£2sin™! K"—“"—_—-— ,0
Vi

Here, as for the a and a' variables the (0,0) critical
point is a saddle point and the other two are potential
minima. This is shown by calculating the second deriva-
tives of the potential in the variables u and v

82
Uuu(u,v)ZSuTU(u,v)

=17 |sec? | }-*—sez L ]
2
—ucos(u) ,
2 (4.16)
Uw(u,v)=FU(u,v)
=17 |sec? L ]—Hec2 L l
2
+up cos(v) .

Thus, above threshold, the potential has the form of
two wells, each about one of the potential minima. These
wells have a “valley” connecting them over the saddle
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point. The difference between the value of the potential
U (u,v) at the saddle point and the minima is called the
potential barrier height. An important feature is that if
the noise strength g is not too large and v =0, the second
derivative in the v direction U,,(u,0) is always positive.
Thus the classical subspace is at a minimum of the poten-
tial with respect to variations in the nonclassical variable
v. This ““valley” along the line v =0 between the two po-
tential wells is the most likely path for a stochastic trajec-
tory to take when tunneling from one well to the other.
The tunneling rate between them will be dominated by
the rate due to trajectories traveling along this route, just
as it is for the corresponding classical system driven by
classical phase space noise sources. However, the actual
potential is now substantially different from the classical
case.

The stationary-state probability distribution in the new
variables # and v now remains zero on the boundary of
the manifold for noise strength g <V'2 rather than just
for g <1 as in the case of the a and o' variables. This is
a result of the change of variables, as can be seen from
the Jacobean of the variable transformation

Sa  da
du v
3a’  da'
du dv
= Hpu—g%a®) [u—gX

J:
a2, @.17)

The two probability distributions are related by

P’Ss(u,U):Jpss(a,aT>
1/8*~1/2exp(2aa’) .

(4.18)

={(u—g2a)u—gHa?])

So these new variables u and v not only provide constant
diffusion, but also give a finite probability distribution
over a larger range of the noise strength g than previous-
ly.

The tunneling time for a symmetric bistable potential
in two dimensions can be calculated using an extension of
the Kramers method developed by Landauer and Swan-
son.?® Here we call this method the “potential-barrier
approximation.” This name arises from the fact that it is
valid in the limit where the potential barrier is large. The
result for the potential U (u,v) and diffusion g2 when the
saddle point is at (0,0) and the minimum is at (uy,v,) is

U,,(0,0) 172
T=2m
va(uO’UO)Uuu(O’O)Uuu(uO’UO)
U(ugy,vy)—U(0,0)
Xexp 3 (4.19)
g

For the case considered here the potential terms are

U(0,0)=—251n|2|,
(4.20)

©

o

Ulug,vg)=—25I|2|—2 [u—F—5In
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The potential curvature terms are
U,,(00)=—u+7,
U,(0,0)=p+7 ,
(4.21)

Uuu(u[),Uo):Z(ﬂ_a—) »
va(uO’UO):zlu' .

Using the formula (4.19), the tunneling time in the
potential-barrier approximation using the positive-P rep-
resentation is therefore

172

exp ~2—2—[,u—(7—<71n(,u/6)]

g

_pto
plpu—o)?

(4.22)

This is the average time taken for the oscillator to switch
from the region of one state (the u, > O state, for example)
to the other due to the influence of quantum noise in the
limit of small g. It is inversely proportional to the tunnel-
ing eigenvalue A,

Vlsz_% 4.23)
1

These calculations using the analytic potential-barrier
approximation are strictly valid only in the small-g? lim-
it. This is the limit of small noise strength and large
threshold photon number. Thus these results are valid in
the region of most experimental interest. However, it
would be useful to have a computational method valid for
the whole range of the noise strength g <1 rather than
only for g2 <<1. This is provided by the direct simula-
tion of the relevant stochastic equation, i.e., Egs. (4.12).
The eigenvalue is then obtained by fitting an exponential
to the decay of the mean amplitude. The size of any pos-
sible boundary terms can also be checked during these
numerical simulations. Since no trajectories crossed the
boundary of the manifold in our simulations, we can say
that the boundary terms are zero to within numerical ac-
curacy. Details are given in Appendix B.

Figures 4(a) and 4(b) show an excellent agreement be-
tween the number-state calculations, the positive-P sto-
chastic simulations, and the corresponding potential-
barrier approximation theory. The simulation results
have error bars, which result from the use of a finite sam-
ple of trajectories. In the region where the potential-
barrier approximation is invalid (small pump strength g,
or large noise g), the predicted tunneling time diverges
and no longer agrees with the exact methods. This is due
to the reduced size of the potential barrier. The time tak-
en to do either the number-state calculations or the sto-
chastic simulations grows much larger as the mean tun-
neling time increases. This is because the number-state
calculations typically require larger matrices, while the
simulations require a much longer run time so that
enough of the increasingly rare tunneling events occur to
give a good average.

In the experimentally attainable region of relatively
large photon numbers, only the coherent-state methods
give results—the simulations being more useful in the
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critical region in threshold, where the pump strength
p=1, and the analytic theory being applicable for slow
tunneling far above threshold, with pump strength p>>1.

V. WIGNER REPRESENTATION
An alternative representation in common use is the
symmetrically ordered Wigner representation. Again, all
the nontrivial eigenvectors of the superoperator L and
the positive-P Fokker-Planck operator Lp should have

J

d ) 0
EWT(BI’BPI‘)_ ap ,lk

9B B

-+

a* [y.B% —e*+1k(BF )]+
2

9B

This Fokker-Planck equation is equivalent to a sto-
chastic process and can be written in terms of stochastic
differential equations. These equations have a simple
physical interpretation in terms of classical phase-space
behavior. They are exactly equivalent to a classical de-
generate parametric amplifier that is being driven by
a coherent pump field and vacuum noise corresponding
to half a thermal photon in each external reservoir.
This can be considered equivalent to a stochastic
electrodynamics-type calculation,” which uses this as-
sumption to simulate vacuum fluctuations. Despite the
approximations, these equations have the useful feature
that they can be readily simulated, and have behavior
very similar to the classical parametric oscillator in the

(a)

— T T
PB Approximation

Simulations r r oz
Number state - — = .

1T 1.2 14 16 1.8 2

Pump strength w
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—
BopT

the same eigenvalues as the spectrum of the Wigner time
evolution operator Ly, since the Wigner distribution is
obtainable by transforming the P distribution.?”?® The
time evolution equation for the Wigner function is given
by Graham.? An approximate equation is obtained by
first truncating the third-order derivative terms from the
coupled-mode equation to get a standard Fokker-Planck
equation for the behavior of the fundamental and subhar-
monic modes:

9

(V1B = kBB + — - (v BT —*BiBY )+ — o= (y By — €+ 36" B)

B>
2

)+ ——(
1 38,08} Y2

) [Wr(B1,Byt) . (5.1)

presence of finite temperature reservoirs. They also give
correct results for small linear fluctuations, when they are
compared to previous predictions.!®2%30

It has been noted by one of us3! that the effect of drop-
ping of higher-order derivative terms in Fokker-Planck
equations is highly dependent on the choice of represen-
tation. Although it is often a good approximation for
linear fluctuations, it can change switching times by
many orders of magnitude, so this approximation is in-
herently problematic. However, it is necessary for the
Wigner case if standard Fokker-Planck or stochastic
methods are to be used. This is because the Wigner time
evolution equation, with its third-order derivatives, has
the possibility of acquiring negative values. By compar-

(b) 6 : |
PB Approximation

Simulations I 1 I
Number state - — — =

T T T

0
0.4 0.6 0.8 1

Noise strength g

FIG. 4. Comparisons between the number-state and positive-P calculations. In (a), the pump strength p is varied while the noise
strength g =0.25, and in (b) the noise strength g is varied while the pump strength 4 =2.00. The potential-barrier (PB) approxima-
tion curve is the tunneling time predicted by Eq. (4.22), and the stochastic simulation points are obtained by numerical integration of
Eqgs. (4.3).
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ison, the positive-P representation only gives second-
order derivatives.

In the limit of large damping in the fundamental mode,
an equation is obtained describing just the behavior of the
subharmonic mode. This can be written in the scaled
variables as

da B By
dTW(B,T) aﬁ[B B*(u—g"p°)]
3
+ * a2 *\2
B {B*—Blu—g*(B*)*]}
+ & (14+2g2%8B8*) |W(B,7) . (5.2)
dBB*

The phase space of the Wigner distribution is a sub-
space of that of the positive-P distribution. The Wigner
phase space is a single complex plane, and this is
equivalent to the subspace of the positive-P phase space
given by the relation a=a'*. Because of the presence of
the bounded manifold in the positive-P phase space re-
stricting the dynamics to real a and a', this means that
the Wigner phase space is orthogonal to the positive-P
bounded manifold. This does not imply any distinction
in the physical behavior of the oscillator, since these rep-
resentations simply provide a different computational
technique. In either case, the relevant physical expecta-
tion values are obtained by averaging appropriate func-
tions over the entire phase space. These will be identical
in either representation, provided commutators are
correctly taken into account when calculating the opera-
tor moments from the phase space moments.

We now separate 3 into its real and imaginary parts by
writing B=gq +ip, and so obtain the truncated Wigner
Fokker-Planck equation and the corresponding set of Ito
stochastic differential equations

—d—WT(q,p,'r)=

F)
gg{q[1+g2<q2+p2)—u]}

dr
s 2,2 2
+5;[p[1+g (g*+p*)+pul}
1|98 | @
+— |5+ |[1+28%g*+p?)
Py ap2[ g (g +p?)]
XWr(q,p,7), (5.3)
dg=—q[1+g%q*+p*)—pldr
_l_ 20,2 21172
+‘/§[1+2g (g°+p°))""dZ, , -

dp= —-p[1+g2(q2+p2)+,u]d1'

+—\71:2—[l+2g2(q2+p2)]1/2d2p .

This truncated Wigner Fokker-Planck equation (5.3)
does not have a potential solution, which makes analytic
calculation of the tunneling time difficult. The effect of
the quantum noise from the fundamental mode on the
tunneling time can be included in a qualitative fashion if
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we restrict the problem to one dimesion, namely the g
axis. One-dimensional Fokker-Planck equations always
have a potential solution. This procedure is far from ex-
act, but we note that the p component of the drift always
points towards p =0, the g axis. The resulting Fokker-
Planck equation in this approximation is

d )
2. Winlgm)= a—q[q(1+gzq2*u)]

1 3? )
+Z*a?[1+2g qZ] WlD(q’T) . (5.5)

This also generates a corresponding Ito stochastic
differential equation, which is

dg=—q(1+gg*~pir+—=(1+2g%"dz, .

(5.6)

The one-dimensional approximation gives the mean tun-
neling time in the potential barrier approximation as

2r +1 12
T r
T = —

1D 7’1 2r2

X exp #[(2r+1)ln|2r+l|—2r] , (8.7
g

where

r=,u—1—-g2.

Figures 5(a) and 5(b) show comparisons between these
two types of stochastic equations, in addition to the
number-state result and the one-dimensional truncated
Wigner potential-barrier theory. In the range where the
potential-barrier approximation is valid there is good
agreement between the potential-barrier theory and the
corresponding one-dimensional simulations. The full
two-dimensional truncated Wigner simulations give con-
sistently slightly shorter mean tunneling times than the
one-dimensional simulations. This is expected since the
two-dimensional simulations have an extra degree of free-
dom. The details of how the stochastic simulations were
performed are given in Appendix B. As before, there is a
divergence as the potential-barrier approximation fails
near threshold, as the pump strength u—1 or as the
noise strength g — 1 [Figs. 5(a) and 5(b), respectively].

More interesting is the fact that both the truncated
Wigner methods (one and two dimensional) give results
that are inconsistent with the number-state method.
Since the only extra approximation used by the two-
dimensional simulations over the number-state results is
the truncation of the third-order derivative terms, it is
clear that these act to suppress the tunneling in this sys-
tem. Thus, when they are removed, the tunneling time is
artificially decreased. We emphasize that this must be an
artifact of the truncation approximation. The eigenval-
ues of the full Wigner eequation necessarily agree with
the other methods. Since the truncated Wigner equations
are equivalent to stochastic electrodynamics, we conclude
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that there is a fundamental inequivalence between this
theory and the complete nonlinear quantum theory.

A two-dimensional potential solution to the truncated
equations can also be obtained that is valid near thresh-
old.? Here the noise contribution 2g%(g2+p?) is small

(0) T I T I T I T I T
PB Approximation
1D Simulations

| X
X H

10 2D Simulations  x
Number state

In(y,T)

0
1 1.2 1.4 16 1.8 2

Pump strength u

(c) — T
PB Approximation
" Simulations S

10 |_Number state - = -

oL v v 1
1 1.2 14 16 1.8 2

Pump strength
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since both ¢ and p are small. This term corresponds to
vacuum fluctuations in the fundamental mode coupling
through to the subharmonic mode. In this near-
threshold approximation, this is neglected, leaving only
the subharmonic noise. The Fokker-Planck equation and

(b) 6 T I T I T
PB Approximation
1D Simulations
L 2D Simulations

I I 1I
X X X

\Number state -

=
x>
£
O 1 | 1 | 1
0.4 0.6 0.8 1
Noise strength g
() 66—

PB Approximation
Simulations I 11
L Number state - — -

0.4 0.6 0.8 1

Noise strength g

FIG. 5. Comparisons between the number-state and approximate Wigner calculations. Pump strength u is varied in graphs (a) and
(c) while the noise strength g =0.25. In graphs (b) and (d) the noise strength g is varied while the pump strength £ =2.00. (a) and (b)
show results obtained when the third-order derivative terms are truncated from the Wigner representation equation: the two-
dimensional (2D) simulation and 1D simulation points are obtained by numerical integration of Egs. (5.4) and (5.6), respectively. The
potential-barrier (PB) approximation curve is given by Eq. (5.7). (c) and (d) show results when both third-order derivatives and noise
from the fundamental mode are neglected, as in the near-threshold approximation. These simulation points are obtained by numeri-
cal integration of Egs. (5.9), and the potential-barrier approximation curve is given by Eq. (5.11).
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Ito equations are

d - |9 2024 2y
ar Wxr(g,p,7) [aq{q[1+g (g°+p°)—pul}

9
+${p[1+g2(q2+p")+ﬂ]l
1| 3 92
T |2g? 5;7 Wxrla,p,7) ,
(5.8)
1
dg=—q[1+gXg*+p*)—pldr+=dZ,
! (5.9)
dp=—p[1+g2(q2+p2)+,u]d1'+‘/—§dzp .

With all the above approximations, the steady-state ap-
proximate Wigner distribution function Wyr(gq,p) and
potential V1(q,p) are

Wxr(g,p)=Nyrexpl —Vnrlg,p)],
) (5.10)
VNT(q,p)=?[82q2+gzp2+%<g2q2+g2p2)2

—ul(g’q*—g’p™)] .

Here Nyt is normalization constant. Above threshold
the potential has two minima, at gg = +(u—1)!/2. In the
limit of large threshold photon numbers (small noise
strength g), these minima are very close to those obtained
using the positive-P representation. After taking the
different operator correspondences into account the
near-threshold theory and the positive-P theory’ predict
identical results for small linear fluctuations near thresh-
old. From the approximate Wigner distribution
Wxr(g,p) we obtain the tunneling time by using the po-
tential barrier approximation?® to be

172
41
Tar=— | —EFL_ | ep [ Lu—12| . 511)
Y1 | ulp—1) g

Figures 5(c) and 5(d) illustrate the tunneling-time re-
sults obtained using the near-threshold approximation.
As in the previous graphs, we see good agreement be-
tween the stochastic simulations and the corresponding
potential-barrier theory. This agreement breaks down
when near threshold as the pump strength p—1, or for
large noise strength g, as the large potential-barrier ap-
proximation fails. From Fig. 5(c), it is clear that near
threshold (pump strength u=1) the simulations agree
with the number-state result, which is expected, since in
this region the effects of the approximations are small.
Far above threshold (pump strength u>>1), or for small
noise g, these approximations give much Jonger tunneling
times than the exact number-state results, because the
neglected fundamental mode noise terms have a larger
effect than the truncation approximation.

The exact quantum result in Eq. (4.22) scales as
exp(2u/g?) for pump strength p >>1, while the result of
(5.11) scales as exp(u?/g?). This is similar to the
difference between quantum tunneling through a barrier
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of height u? and thermal activation over a barrier of the
same height. In both cases, the difference becomes
greater at large potential-barrier heights. This can be un-
derstood as being due to the extra approximations used to
obtain (5.11), which effectively replace the quantum-
mechanical problem by a classical thermal activation
problem with an equivalent near-threshold behavior. The
inclusion of the fundamental mode noise improves the
theory somewhat, but even Eq. (5.3) is unable to repro-
duce the tunneling rate given by the quantum theory.
However, if the third-order derivative terms are included
by deriving the Wigner time evolution equation directly
from the single-mode master equation (2.5), as has been
recently done by Risken and Mortimer,?* then agreement
with the quantum results of Secs. III and IV can be re-
gained.

VI. CONCLUSIONS

We have demonstrated good agreement between two
exact methods of calculating the tunneling dynamics of
the degenerate parametric oscillator. Both the number-
state and coherent-state basis methods include the Hamil-
tonian nonlinearity exactly. Of course, either method is
only applicable in regions where the original Hamiltonian
is valid. Calculations using both analytical Fokker-
Planck and numerical stochastic methods agree with the
numerical solutions of the density-matrix master equa-
tion in the number-state basis. This serves to verify the
accuracy and reliability of these different expansion tech-
niques. The number-state and coherent-state methods
are complementary from the computational point of
view, with number-state expansions being more useful for
low photon numbers, and coherent-state expansions be-
ing more useful in regions of large photon number.

In addition to this we have compared our results to
those obtained using the Wigner representation, which
should give exactly equivalent results. However, the use
of the Wigner representation is accompanied by the in-
troduction of extra approximations, to give more tract-
able equations. The first approximation is the truncation
of third-order derivative terms from the time evolution
equation. This results in a second-order Fokker-Planck
equation, which is equivalent to stochastic electrodynam-
ics. It gives shorter mean tunneling times than the exact
methods, evidently due to the effect of the truncation ap-
proximation. When noise from the fundamental mode is
also neglected, as in the near-threshold approximation, a
classical potential problem is obtained giving longer mean
tunneling times than the exact methods. This difference
can be compared with the quantum penetration of a po-
tential barrier, which is much faster than classical
thermal activation at large barrier heights.

A summary of the results from Secs. III-V is shown in
Fig. 6, where all the stochastic simulations are compared
with the number-state calculations. These graphs show
the difference between the results from the simulations
and the number-state results. The positive-P stochastic
simulations agree with the number-state calculations.
The truncated Wigner (stochastic electrodynamics) simu-
lations always give shorter mean tunneling times than the
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number-state or positive-P results. The simulations using
the near-threshold approximations usually give longer
tunneling times than the number-state calculations, be-
cause the extra noise from the fundamental mode is
neglected. Very near threshold (pump strength p~1), all
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FIG. 6. Comparisons between the number-state results and
all types of stochastic simulation. The points are plotted as
In(T/Ty), where Ty is the number-state tunneling time. In (a),
the pump strength p is varied while the noise strength g =0.25
and in (b) the noise strength g is varied while the pump strength
©=2.00. Error bars are only shown on the positive-P results for
clarity, but the errors for all the stochastic results are of similar
magnitude. The positive-P stochastic simulation points are ob-
tained by numerical integration of Egs. (4.3). The truncated
Wigner and 1D truncated Wigner simulation points are ob-
tained by numerical integration of Egs. (5.4) and (5.6), respec-
tively. The near-threshold approximation simulation points are
obtained by numerical integration of Egs. (5.9).
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the methods tend to agree, as is shown in Appendix C.
This is expected from known general results on the repre-
sentation invariance of tunneling near critical and turn-
ing points.3!

We note an intriguing subtlety in the interplay of these
different results. The quantum equations of the
coherent-state positive-P representation have an exact po-
tential solution. Solutions for nonequilibrium quantum
problems are rare: this model is therefore a useful test
for investigating nonequilibrium quantum effects. On the
other hand, the truncated Wigner equations have no ex-
act potential solution. Thus the effect of restricting this
quantum problem to a classical phase space destroys an
essential symmetry in the equations. The nonclassical
phase space of the positive-P distribution allows the equa-
tions to have an exact potential solution. This potential
solution is not the same as that previously obtained using
semiclassical methods by eliminating the noise in the fun-
damental mode, even though it does predict similar be-
havior near threshold.

Above threshold, the potential solution in the positive-
P representation predicts much faster tunneling than that
obtained previously. This is a quantum effect, which is
obtained here through off-diagonal coherent-state expan-
sions of the density matrix. It might be thought that the
correct result could be regained by inclusion of the funda-
mental mode noise in the Wigner representation
equations—but this is not the case. The neglect of
third-order derivative terms occurring in the Wigner rep-
resentation means that even this does not give correct
tunneling rates. The third-order terms are associated
with negative valued Wigner functions and quantum in-
terference. Thus the fact that they suppress tunneling
suggests that these represent destructive quantum in-
terference of the noise terms, with no classical counter-
part.

Despite the well-known nature and experimental
significance of the quantum parametric amplifier,’? all
these results are unprecedented, except for those in
Graham’s original work. In the case treated here, there
is only one mode involved, although it is coupled to reser-
voirs. More complicated multimode cases are even less
well known. Thus nonequilibrium quantum systems
remain the least-well-understood quantum systems. The
exact quantum theory gives shorter mean tunneling times
than previously obtained—and longer mean tunneling
times than a full stochastic electrodynamics theory. With
recent developments in Josephson-junction parametric
amplifiers*} this should become testable in the near fu-
ture.

APPENDIX A:
NUMERICAL NUMBER-STATE TECHNIQUES

The tunneling eigenvalues are found by calculating the
eigenvalues of the transition matrix in double precision
using FORTRAN software.>* These numerical routines
first balance the transition matrix, reduce it to upper
Hessenberg form, and then find its eigenvalues and eigen-
vectors.>> As an independent check on the software, we
compared some of the results with those obtained using
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different hardware and an alternative software library.3¢
All the sets of results could not be compared in this way
because of time and memory constraints. The compar-
isons that were made produced good agreement.

To check the numerical accuracy of the answers, we
also tested for convergence. That is, we calculated the ei-
genvalues for a particular maximum photon number N,
and then recalculated the data using N +1. If there was
no significant change in the eigenvalue, then clearly the
truncation of the transition matrix had little effect. These
changes were typically kept to much less than 1%. An
extra accuracy check was performed by multiplying the
steady-state and tunneling eigenvectors with the transi-
tion matrix and comparing it with the expected result,
which is the eigenvalue times the eigenvector. The
difference is a measure of the error. In all cases we en-
sured that this error remained less than one part in 10%,
and in most cases it was orders of magnitude smaller. Al-
though only 15-decimal, double precision arithmetic was
used, the reproducibility of the results using different
software persuades us that round-off error was negligible.

APPENDIX B: STOCHASTIC CALCULATIONS

In order to solve the Ito stochastic differential equa-
tions, which are differential equations with randomly
varying coefficients, an iterated central difference method
was used.’”3® The tunneling eigenvalue is equivalent to
the slowest decay rate of the amplitude a in the subhar-
monic mode. To obtain the required data, a FORTRAN
program that calculated the evolution of a large ensemble
of trajectories in parallel was written. The Gaussian
noises were generated by means of an appropriately
weighted and scaled pseudorandom number generator.
At intervals during execution of the program, the ensem-
ble averaged amplitude {a), together with the elapsed
time, were saved. All of the trajectories were started at
the classical stable state specified by the pump strength y,
with no initial spread. This corresponds to an initial
coherent state with g?a’=u—1+g? in the case of the
positive-P representation. However, the exact details of
the initial distribution have little effect on the decay of
the ensemble averaged amplitude, since the relaxation of
the initial & function to the single-well distribution occurs
on a much shorter time scale than tunneling between
wells. The exponential decay of { @) meant that the tun-
neling eigenvalue could be extracted from the data by us-
ing logarithmic regression.

To check the convergence of these stochastic simula-
tions we used the standard technique of varying the time
resolution. If the change in the calculated eigenvalue was
less than 1% when the time step was doubled, then the
simulation result was considered to be accurate. Typical
time steps used were ¥ /128 and y,/256. In order to test
convergence it is essential that each trajectory and its
lower-resolution counterpart are driven by Gaussian
noise sampled from identical underlying noise trajec-
tories, as is described elsewhere.’® The errors in the re-
sults were estimated by treating each tunneling event (of
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a trajectory) as a Poisson process. Given this assump-
tion, the relative error in the eigenvalue is proportional to
n 172, where n is the number of tunneling events. Typi-
cally we calculated many trajectories in parallel, allowing
sufficient time for at least 256 of the 1024 trajectories in
the ensemble to tunnel. The error estimate for the sto-
chastic simulation results is thus about 6%, as is indicat-
ed in Figs. 4-6. We tested this by calculating the stan-
dard deviation of an ensemble of eigenvalues that had
been obtained for a particular set of parameters. The
standard deviation of the ensemble of eigenvalues was in
agreement with our error estimate.

APPENDIX C:
NEAR-THRESHOLD COMPARISONS

In this appendix we compare the near-threshold poten-
tial barrier heights in the limit of large photon number
for each of the three potential solutions. The potential-
barrier height for the positive-P representation using the
constant diffusion variables u and v is given by

AU=§27[,u—6—<71n(u/6)]. (1)
We take the near-threshold limit by putting the pump
strength u=1+¢, and taking |£|<<1. The classical,
large-photon-number limit is taken by letting the noise
strength g —0. Using these, the potential barrier height
is

2

AU=-=[¢—In(1+0)] . (C2)
g

When the logarithmic term is expanded for small §, we
get

1

AU=——§2—§§3+~' . (3

gZ

The one-dimensional truncated Wigner potential gives a
barrier height of

AV1D=~2—1—2—[(2r+1)1n(2r+1)—27‘], (C4)
g

where 7 has been defined in Eq. (5.7). Using the same lim-
its as above, this reduces to
1 2
AVip=—5——58+ . (C5)
g 3g
However, note that the £* term in (C5) is different from
that for the positive-P representation. For the near-

threshold potential, we have the potential barrier height
equal to

AVNT:'-IE(F'-I)Z ’
g

which reduces in the near-threshold and classical limits
to

(C6)
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AV = & ) ior in the large-photon-number limit. The near-threshold
NT g2 potential barrier expansion has no term in £* due to the

So, to leading order, all these calculations for the
different potentials give equivalent near-threshold behav-

omission of the fundamental mode noise. This directly
results in the slower tunneling above threshold, as is ex-
plained in the text.
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