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The cross-Kerr Hamiltonian!™ is among one of the mostly used nonlinear quantum interactions between two
bosonic fields, which describes a wide range of phenomena. In the case of superconducting circuits, this interac-
tion is of primary importance in modeling nonlinearity of quantum circuits, such as quantum bits and parametric
amplifiers. The cross-Kerr interaction also appears in the description of optomechanical systems>®, photon block-
ade’, phonon blockade®, cross-phase modulation’®, and optical lattices'®. Usually, one field represents a strong
or pump field while the other refers to the weak or probe field. In the context of quantum optomechanics! the
physical nature of these two interacting fields could be quite different, referring to the photons and phonons.
When combined with a parametric amplification term, then the total interaction Hamiltonian could be a lot more
difficult to solve. So far, no exact solution to this problem has been reported to the best knowledge of the authors.

Here, we demonstrate that the cross-Kerr interaction with parametric amplification could be exactly solvable
using the method of higher-order operators'!-1¢, which has evolved out of the rich domain of quadratic optome-
chanics'”-?. This method employs a different basis than the simple bath ladder operators, and quite recently has
been independently also reported elsewhere!®. It has been shown that the nonlinear analysis of quantum optom-
echanics using this algebraic method!*!> may yield quantities such as the coherent phonon population,
second-order mechanical side-bands, and corrections to the optical spring effect, as well as nonlinear stability
maps. Furthermore, a new type of symmetry breaking named as side-band inequivalence is also found using this
algebraic method, which refers to inequal detunings in red- and blue-scattered photons!*-1°. Furthermore, a pre-
liminary study of photon bunching and anti-bunching statistics applied to the lasing threshold has been carried
out using this method'?, and it has been shown that around the lasing threshold, the cavity population of photons
reaches the value of /6 — 2.

In the context of superconducting quantum circuits, the interaction of two pump-probe microwave fields with
the transmon qubits is effectively a cross-Kerr nonlinear interaction®, and for all practical reasons it has to be
followed immediately by a quantum-limited parametric amplifier stage. This combination leads to a cross-Kerr
term with parametric amplification, the solution of which is the purpose of the present study.

The importance of this contribution is two-fold. On the one hand, one may obtain the time evolution of the
number of quanta in time. This enables accurate modeling of quantum non-demolition measurements for pho-
tons* and phonons?, for instance, where the number of quanta is measured indirectly through an interaction of
cross-Kerr type. Secondly, when optomechanical systems are being considered and the nature of the two inter-
acting bosonic baths are different, the noise spectral density is the actual measurable quantity, the estimation of
which is discussed here.

Further contributions of this paper are connected to the treatment of multiplicative noise terms, which nor-
mally arise in the method of higher-order operators. It has been demonstrated that for the purpose of calculation
of the noise spectral density, these can be exactly simplified to a great extent, where the multiplicative operators
can be conveniently replaced by their silent or noiseless non-operator parts.
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Results
Consider the cross-Kerr interaction** with parametric amplification?*-%%, defined as

H = hwa'a + 156 + hga'ab b + nf(° + 67 (1)

Here, w and Q respectively refer to the pump and probe frequencies with annihilators denoted by @ and b, grep-
resents the cross-Kerr nonlinear interaction rate, and f is the parametric amplification rate. Such type of
cross-Kerr mixing can happen in a non-linear cavity where the strength of nonlinear interaction is proportional
to the energies (or number of quanta) in each of the two fields. The parametric amplification is normally needed
for the readout of probe, which is nonlinearly mixed with the pump and then undergoes amplification prior to
detection. Obviously, the cross-Kerr interaction allows some information from the number of quanta of the pump

field 4"d to be passed on to the probe field BTZ; during the detection.

A A RN
This Hamiltonian is usually analyzed using the basis {A]' = {#, 7, C, §} wherert = b b,/ = 4'4,and

1 _1 _1
Sl + D72a +d'G D2,
§=LiGi+ v2a—a'Gi+ 12,
2i (2)
are the quadrature operators, satisfying the commutators [7, é] = —iS, (7, §] =iC, and[é, §] = zli(ﬁ + 2L

Usage of these quadrature operators might be advantageous in studying some cases, but construction of Langevin
equations would require further approximation since these do not form a closed Lie algebra. As a result, their
usage normally needs further linearization procedures which as a result deviates from the mathematically exact
solution. In our analysis, however, we use a different basis with closed Lie algebra, \ﬁvhich not only admits exact
solution, but also allows inclusion of a parametric amplification to either of the d or b fields.

In the present formulation, we exclude the drive term from the Hamiltonian, and instead feed it through the
input noise terms to the system. In particular, when the input terms also fluctuate around a non-zero input or
drive term, this approach is accurate. Besides simplicity and the rather convenience involved, the other reason is
that the drive term normally contains the simple ladder operator such as 4, whose presence changes the operator
basis significantly. Any method to circumvent this difficulty could be much helpful in mathematical description
of the problem. Furthermore, this picture where noise and drive terms are fed through the same channel to the
system is physically consistent and correct.

Langevin Equations. We try to analyze this type of interaction in an open-system using Langevin equations®

d, o
—X = — ﬁ[x,H] Z[x, _K'a +«\/_]a]ln}+2[ + JJm

dt j 3)

where j denotes the bosonic bath, 4; is the corresponding annihilator, and ; is the associated coupling/loss rate.
Hence, choosing j=a, b implies 4, = d and 4, = b, and also k,= r and x, =T, respectively corresponding to
pump and probe, strong and weak fields, or photons and phonons, depending on the nature of the system under
study. Furthermore, . , is the input quantum noise from the bosonic bath j, and £ is any operator in the system.

Choosing the 1nﬁn1te dimensional closed Lie algebra of higher-order operators

(AT = i, 4, 4, arm, ad, ad', . wm, d, wdT, ), (4)
whered = 15°, with[d, 7] = 2d, [, 4 = 2d",1d, 6] = band[d, d] = m + 112 allows construction of linear

infinite-dimensional Langevin equations, given as

L4y - vy - Ay — %44 - TAL

2Q dt 2 (5)
in which a=f/Q and
A} ={A ;i €M =1{0,1,-1,0,i, -, .., 0, i, —i, .}, 6)
and
(I] = (565 i j € NI = diagln v o o % W W ) )

is a diagonal matrix of normalized loss rates with v,= [I" + (I — 1)x]/2Q. Furthermore, the noise input vector is

P 1
A =4, 5je M = ﬁ{mm, d, d . (A, (AId),,, (A ' dins -1 ®

in which the combined noise terms are constructed following §S1 of Supplementary Information according to
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n A T
o Wdy, = |j—nld+ |—id;je 2T,
S (Wd) 0 0 J
ot R st r i
Gid)y, = |i—=Ald + |[—=#ld;je 2T,
i (Ald) o 0 J
iy, = [T a4 |y j e 2t
/ 20 20 ©)
The single terms are given as
Al = [+ 1(#ad'a, + alan’);je 2T,
My, = ETgin + Ei:ﬁ,
~ 1rn 1~ ~
d. = Zbb, —b. b.
in 2 in + 2 in (10)

At this point, there are three very important facts to take notice of:

1. Firstly, the contributing part of the multiplicative operators which operate on the white Gaussian noise
processes d,, and b, as shown in § S2 of Supplementary Information are actually the silent or noiseless
parts of these operators, which can be found by solving the corresponding Langevin equations with all
zero-mean stochastic processes dropped and only keeping the drive terms. The calculation of silent terms
will thus be no longer an operator problem, and can be addressed by any appropriate analytical or
numerical approach.

2. Secondly, the order of multiplicative terms, as whether they appear on the left or right of the noise terms is
found to be immaterial within the accuracy of Langevin equations. This latter and rather important con-
clusion can be drawn from the last equation which silent operators actually commute with any Gaussian
White noise process, following the construction procedure discussed in § S1 of Supplementary Informa-
tion, and is furthermore compatible with the commutation of multiplicative terms with noise operators.

3. 'The third issue is connected to the Hermitian conjugates of noise processes, such as ;" () as opposed to a,, (¢).
In the frequency domain these are time-reversed conjugates of each other, which happen to be identical by
the general laws of the expectation values of Gaussian noise, given by*>** (Ezi‘;(w)&m(W)) = 6(w + W)and
(8, (W)a;,(W)) = 0. Therefore, while the spectral densities of 4,,(w) and 4,' (w) are evidently equal, they share
the same Fourier transform, too. As a result, the Hermitian conjugate can be arbitrarily dropped from or
added to the Gaussian White noise processes as long as the noise spectral density is going to be the quantity to
be calculated.

Hence, for the purpose of calculation of noise spectral density at non-zero frequencies, the replacements
d,, = bb,, and similarly /™" = (a* + a)n/a,, and i, = (b* + b)b,, are admissible, where all multiplicative
operators can effectively be replaced with their silent contributions. Knowledge of these expressions is extremely
helpful in any computation of noise spectral density, especially in the context of the method higher-order opera-
tors, where occurrence of multiplicative noise terms is inevitable.

Also, the dimensionless coefficients matrix [M] may be decomposed into real-valued 3 x 3 partitions as

A/B|0|0]O
0O/A/B|O0O|O
M] = 0|0|A|B|O ’
0/ 0|0 A|B
(11)
in which the partitions are given by
0 20 —2«
[Al=|-a -1 0 |
a 0 1 (12)
and
0 0 0
[B] =0 =8 0|,
00 g (13)

with 3= g/Q. Similarly, the normalized decay matrix [I'] can be written as
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0 G| O

]

(14)
in which the partitions are given by G;= diag{~; 7, 7}

Diagonalization. Here, we can show that there exist 3 x 3 matrices [U] and [V] in such a way that if the 9 x 9
unimodular transformation matrix [P] with |[[P]| =1 is constructed as

1/0|U
Pl=|0|I|V [,
00| I |
1[0]-U]
P l=|0[1|-V |,
00| I | (15)
where single lines separate 3 x 3 blocks, and
Plofofo]o]...
0jI[{0/0/0
Q] = 0j{o|xX(ojo ,
0j0j0 1|0
(16)
where double lines separate 9 x 9 blocks, and then
iA -G iB 000
Q' (M- jQ)= | 0 A6 01010
. . N -

This orthogonal transformation reduces the coefficients matrix i[M] — [I'] in such a way that the Langevin
equations for the first six elements of {A} are isolated. That therefore will reduce the infinite dimensional problem
exactly into a six-dimensional problem in the basis

{AgfF = (i, d, d' i, i, 7d ). 18)

To show the existence of such a transformation, we can evaluate the transformed matrix [R] = [Q]T
(ilM] — [T']) [Q] first, and then set the first two rows of the third column of the 3 x 3 partition blocks to zero. This
gives to the set of algebraic equations

i(AU — UA + BV) — G,U + UG; =0,
i(AV — VA 4+ B) — G,V + VG; = 0. (19)

When expanded, these give rise to a total of 18 =2 x 9=2 x 3 x 3 linear algebraic equations in terms of the
elements of U and V, which conveniently offers a unique solution for nonzero decay matrix [I']. Explicit expres-
sions are not useful and numerical solution can help if needed. But it is not difficult to calculate V from the second
equation. Doing this gives

X 0 2a0(i — \) —2a08@i + N)
T . i 2
V_)\(4a2—)\2—1) aBF1+A) i1+ X9 . 0 i ,
af(i — \) 0 iB(1 + %) (20)

with A= x/2Q. However, once it is known that U and V do exist, then it is actually unnecessary to calculate them
any longer, since the top left 6 x 6 block of P is nothing but the identity matrix. That means, very surprisingly,
that the truncated system of Langevin equations in terms of the operator basis {A¢} as in (18) is already exact.
Hence, the 6 x 6 truncated Langevin equations are actually already exact and integrable for the case of cross-Kerr
interaction with parametric amplification.

Classical Pump. When the pump field 4 is so strong that its quantum nature could be neglected, a more
compact representation of the cross-Kerr interaction can be obtained. The same procedure can be exactly applied
to the first 3 x 3 block by solving the equation i(AV — VA+B) + G,V — VG, =0 in terms of the elements of V.

That will make the truncated 3 x 3 Langevin equations in terms of the operators {A3}T = {m, d, aAIT} exact and
integrable again. This will lead to the relatively simple expression for the 6 x 6 unimodular matrix [P] as
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P = [ (I’ _IV ] (21)

while V is again already known from (19). But this will not pull out any information regarding the second other
field expressed by the bosonic population operator 7. In the end, it is appropriate therefore and makes sense to
assign 71 to the strong field and 7 to the weak field. Under the circumstances where the strong field could be
treated classically, then this 3 x 3 choice of basis is convenient.

Once the system is made integrable, calculation of Noise Spectral Density and time-evolution of operators
becomes straightforward, as discussed in §S3 and §S4 of Supplementary Information, respectively.

Discussions

Steady-State. Suppose that @ represents the strong pump field. Then, /7774, is the photon input rate to the
cavity, which after normalization corresponds to the input optical power as

= L [rn
20\ fiw P (22)

Here, 17 and P, respectively are the coupling efficiency and input optical power. Under steady-state where
d/dt =0, the operators relax to their mean values. Then one may construct a system of equations in terms of the
mean field values {77, d, d*, 7, nd, nd*}. Using the further approximation @ = /71, Am ~ fim and nd ~ 7d, as

well as (b, ) = 0, and after significant but straightforward algebra, one may construct the nonlinearly coupled
steady state algebraic equations, which can be then solved to yield

7= 202
(1 + BAY ++* — 40
d= —L[m + —].
i(1+ pa) + v 2 (23)

Here, yv="y,. The mean value of 7Z can be obtained by numerical solution of the implicit equation

2

2|d| (24)

The above quintic equation in terms of 7 is nonlinearly linked to the normalized pump &. Here, 77 and d are

taken from the previous equations (23). The expression within the parentheses is numerically of the order of 4 for

typical choice of cavity parameters, and the quintic equation conveniently offers only one single positive real root

for 77 for most range of the input power. This is while in standard optomechanics, this ratio has been shown to be
roughly or extremely close to 2 for respectively side-band resolved or Doppler cavities.

Variations. Now that the steady-state equations are known, all operators are replaced by their respective
variations around their mean values, and non-zero mean drive and constant terms can be dropped. Doing this,
simplifies the problem as the 3 x 3 set of normalized dimensionless Langevin equations, given by

g |sd] [ = 0 —ia][ sd B
15’ = 0 1+ 07) = o |iggt =T B,
i 2 s b3, + b5, (25)

Here, 7=2Qt is the normalized time, §, = l;in/ -/2€) is the normalized noise input with the normalized sym-

metrized spectral density Sy, (w) = %, andb = ﬁ is known from solution of (24) and then (23).
We now adopt the definitions

(AT = (6d, sd', sim}, (26)
—i(1 + pi) — vy 0 —ia
[N] = 0 i(l 4+ pa) —y ia |
2ic —2ia -y

Al = BF, 5 3, + 05,1

which allows us to rewrite (25) in the compact form

SCIENTIFICREPORTS| (2019) 9:1830 | https://doi.org/10.1038/s41598-018-38377-7 5


https://doi.org/10.1038/s41598-018-38377-7

www.nature.com/scientificreports/

d . R R
“A) = INHEA®) — 1A} o)

These equations can be numerically integrated to study the evolution of number of quanta #ii(7), where j is
the stochastic noise input to the system.

Noise Spectral Density. Taking the Fourier transform in normalized frequency units of w=w/2Q gives

{8Aw)} = F(N] — iw[1]) A, (w)}. (28)
Using the input-output relation*** we have
{Ag (W)} = {[1] — %(IN] — iw[I]) "HA, (W)} = [SW){A,, (W)} (29)

Here, we refer [S(w)] as the scattering matrix. Once [S(w)] is known, we can obtain Sp,(w) from*

SDD(W) = |E[511(W) + S13(W)] + E*[Slz(w) + 813(W)]‘Zsyy(w)- (30)

It is ultimately possible to recover Sy5(w) from Spp(w), which is the desired measurable spectrum, as shown in
§S3 of Supplementary Information through the transformation

LS FY S|
Spp(w) = 5 + }-{\/2}- {SDD(W) 2}(t)’(w), o

in which F denotes the Fourier transformation, and based on which we may now define §,(w) = Zl[SB (W) +
Spp(—w)] as the symmetrized noise spectrum.

.. ~ AT
Reflectivity. We first notice that the Langevin equation for éd is independent of éd and vice versa, which
greatly simplifies the analysis. However, the same is not true for the scattering matrix [S(w)], whose top-left 2 x 2

block must be diagonalized first to correctly separate contributions from dandd .
Let us assume that [X(w)] is the reflection scattering matrix defined as

[(S(w)] = [1] + y(IN] — iw[1])"". (32)

This scattering matrix is different from [S(w)] defined in (29), since input shines from the outside whereas for
the purpose of noise spectral density calculations, noise is generated from within the cavity. Therefore, defining
R(w) = by (w)/| by (w)| with ¢ = ZR(w), we have

1 1 i —2i
ERz(w) = E[En(w)ez¢ + w2 + B5(w),
1.2 1 2i¢ —2i¢
—R*(w) = —[X,; W)e™™® + X,, (w)e + X,5(w).
5 (w) 2[ 21 (W) 22 (W)e ] 23(W) (33)
These can be solved to find the phase ¢ as
Tis(w) — L35w)

sin(2¢) = i .
Zh(w) = Zyiw) — Xip(w) + 235(w) (34)
This offers the solution
20 _ 55(w) — E5(w) - [ 23(w) — B5(w) )
3pw) — B55(w) — B (w) + E5,(w) 2(w) — B35(w) — Bpp(w) + 25,(w) (35)

The reflectivity R(w) and transmissivity Z(w) now can be easily found from the relationship

R(w) = |R*(w)|,
Sw) = 1 — |R¥(w)|. (36)

Fully Linearized Scheme.  Setting up the fully linearized Langevin equations for (1) in terms of both oper-
ators d and b gives an identical set of equations to that of fully linearized optomechanics. In fact, all nonlinear
interaction Hamiltonian between two bosonic operators, such as standard optomechanics, standard and
non-standard quadratic optomechanics, and cross-Kerr interaction, take identical set of fully linearized equa-
tions. This is a well-known fact in nonlinear quantum mechanics.

Here, we proceed only by linearization of the probe beam b and leave the pump 4 out of basis. This will give the
set of equations (33), which after some further linearization becomes
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Figure 1. Intracavity photon numbers versus input pump power for various ratios of parametric amplification
to cross-Kerr interaction rates a/3 as «=3.13 x 10?3 (solid); =5 x 1023 (dashed); o= 10°3 (dotted): pump
photon number 7 (left); probe photon number 77 (right).

Pop (fW)

1 2 3 4

Figure 2. Nonlinearity measure 77/2|d| versus input pump power for various ratios of parametric amplification
to cross-Kerr interaction rates o/ 3: aw=3.13 x 10%(3 (solid); =5 x 10?3 (dashed); o= 10?3 (dotted).

o 1 .
dlesb 1 —i(20a + 1) — E’Y —ida 56 3
ar |5’ 2 4o ioon+ 1) - Lyllsb] Ml
2 (37)

Quite clearly, there is no way to determine the operator mean field values 77 and b from this analysis, since the
pump field 4, is absent. Let us for the moment assume that 77 is determined from the same equation as (24) found
in the above for the extended higher-order basis.

Example. We assume w=2Q =27 x 2GHz, and the quality factors for both modes are set to 100. We fur-
thermore set the coupling efficiency as 7= 0.4, while the cross-Kerr interaction rate is g= 27 x 100kHz and the
parametric amplification rate is f=27 x 50 MHz. The ratio f/g is swept across various input pump optical powers
P,, from close to zero up to 4fW. At microwave frequencies, the input optical power of P,, = 1 fW corresponds to
anormalized photon input rate of £=0.0155.

We numerically calculate the basic steady-state cavity parameters, including mean pump and probe number
of quanta 7 and /7. While (3 is fixed, o is swept over a range of different parameters. As expected, the pump cavity
photon number 7 increases nonlinearly with the input power, as shown in Fig. 1. Meanwhile, the probe cavity
photon number 77 is a slowly varying function of pump power, and is instead strongly dependent on the strength
of cross-Kerr interaction. Typically, 77 < 1and there are normally less than one intracavity probe photons avail-
able, as shown in Fig. 1. The ratio 777/2|d | which describes a measure of the nonlinearity is plotted in Fig. 2.

The next three figures illustrate the symmetrized and asymmetric spectral response of the cavity as well as
reflectivity around the cavity resonance. The calculations are done for various intracavity pump photon numbers
71, which can be tuned and held constant by fixing the pump power. Since the equation (30) gives the noise spec-
trum of the higher-order operator d, we have used (31) to recover the original spectrum of b. The Fourier and
inverse Fourier transforms were taken using discrete Fast Fourier Transform technique with 10° sampling points
over the normalized frequency range [—4, 4].

Not surprisingly, there appears to be some appreciable squeezing around the cavity resonance due to the
parameteric amplification, which drives squeeze terms. These are clear from both the symmetrized and
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Figure 3. Symmetrized noise spectral density Sy,(w) = [SB p(w) + Spp(— W)] around major cavity resonance
from fully linearized (left) and higher-order (right) operator schemes: i=107 (solid); 7=10° (dashed); 7 = 10*
(dotted).

Sga(w)
Sga(w) 1.0
0.50
045" 08
0.40+
f 0.6
0.35
030" 0.4
025"
f 0.2
0.20]
w w
20 w
0.96 0.98 1.00 1.02 1.04 Q 0.96 0.98 1.00 1.02 1.04 Q

Figure 4. Asymmetric noise spectral density SBB(w) around major cav1ty resonance from fully linearized (left)
and higher-order (right) operator schemes: 77 = = 10° (solid); 7 = 10° (dashed); 7 = 10* (dotted).

R(w) R(w)
1.0 1.0
0.8 [ 0.8
0.6 0.6~
0.4: 04 -
0.2 0.2+
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0.96 0.98 1.00 1.02 1.04 Q 0.96 0.98 1.00 1.02 1.04 Q

Figure 5. Symmetrized reflectivity of cavity R(w) around major cav1ty resonance from fully linearized (left)
and higher-order (right) operator schemes: 77 = 10% (solid); 7 = 10° (dashed); 7 = 10* (dotted).

asymmetric noise spectra respectively shown in Figs 3 and 4. The squeezing disappears at very large pump drive
and is replaced by a peak. At the same time, reflectivity drops around the resonance due to the combined effects
of nonlinear cross-Kerr interaction and parametric amplification.

The reflectivity of the nonlinear cavity is expected to be a function of the pump strength, which has been cal-
culated for both symmetrized and asymmetric forms. These are shown in Figs 5 and 6 respectively. The maximum
reflection dip at resonance for i = 107 is well pronounced using the method of higher-order operators.

Methods
For an extensive description of theoretical methods, the respectful reader is referred to the Supplementary
Information provided along with this article.

SCIENTIFIC REPORTS |

(2079) 9:1830 | https://doi.org/10.1038/s41598-018-38377-7 8


https://doi.org/10.1038/s41598-018-38377-7

www.nature.com/scientificreports/

R(w) R(w)
1.0 V 1.0
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
w w
0.96 0.98 1.00 1.02 1.04 Q 0.96 0.98 1.00 1.02 1.04 Q

Figure 6. Asymmetric reflectivity of cavity R(w) around major cavity resonance from fully linearized (left) and
higher-order (right) operator schemes: 77 = 10% (solid); 1 = 10° (dashed); @ = 10* (dotted).

Conclusions

We presented an exact diagonalization of the cross-Kerr nonlinear interaction with inclusion of parametric ampli-
fication. Cases of strong pump and classical pump were considered and also taken into account. It was shown that
while it is expected that an infinite-dimensional basis could provide the mathematically exact solution, there exist
an orthogonal transformation of infinite order, which can exactly reduce the problem into a finite-order 6 x 6
formulation.
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