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The theoretical description of broadband, multimode quantum pulses undergoing a second-order x®-
nonlinear interaction can be quite intricate due to the large dimensionality of the underlying phase space.
However, in many cases only a few broadband (temporal) modes are relevant before and after the nonlinear
interaction. Here we present an efficient framework to calculate the relation between the quantum states at the
input and output of a nonlinear element in their respective relevant modes. Since the number of relevant input
and output modes may differ, resulting in an open quantum system, we introduce the generalized Bloch-Messiah
decomposition (GBMD), reducing the description to an equal number of input and output modes. The GBMD
enables us to calculate the multimode Wigner function of the output state by convolving the rescaled Wigner
function of the reduced input quantum pulse with a multivariate Gaussian phase-space function. We expand on
this result by considering two examples: a parametric amplification of a broadband Fock state in the infrared
frequencies and a THz-to-optical frequency up-conversion of a pulsed two-mode squeezed vacuum state. We
investigate the effect, the convolution and thermalization due to entanglement breakage have on the output
Wigner function by calculating the von Neumann entropy of the output Wigner function. The methods presented
here can be used to optimize the amplification or frequency conversion of broadband quantum states, opening an

avenue to the generation and characterization of optical quantum states on ultrafast timescales.
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I. INTRODUCTION

Nonlinear optics has been essential for the development of
quantum optics. The generation of quantum pulses of light,
such as the squeezed vacuum, enables a plethora of quantum
information technologies spanning from quantum metrology
(including the subshotnoise detection of gravitational waves
[1,2] or precise spectroscopy [3—6]), quantum key distribution
[7] and quantum networks [8], to the generation of even more
resourceful states like photon subtracted squeezed states [9].

In recent years, the nonlinear interaction of light has en-
abled the generation of broadband quantum pulses [10—14]
and the ultrafast detection of (quantum) light [15-19], a devel-
opment which requires novel theoretical tools to describe the
intricate mode structure and statistics of broadband quantum
states. While the (second-order) nonlinear interaction of a
few monochromatic modes of light can be described using
symplectic matrices [20,21], it is not always possible to extend
this formalism to pulsed quantum states. After parametric
amplification, the phase-space dimension of the broadband
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output pulses is in general twice the dimension of the input
phase space [22], and can possibly be infinite, for example,
if the input is in the ground state (vacuum) [22,23]. However,
in many scenarios, only a few or even a single pulsed mode
is relevant for further processing, e.g., if the quantum pulse
is detected after the nonlinear interaction [24], which results
in an open-system dynamics. Thus, for many applications, the
input-output relation of the nonlinear interaction may be be-
tween a different number of relevant input and output modes,
as schematically sketched in Fig. 1.

Here we present a method based on the symplectic singular
value decomposition (SVD) introduced by Xu [32,33], which
enables a reduction of the number of input or output modes to
a set of effective modes with matching number of input-output
modes. Since the method is based on a symplectic version
of the SVD we refer to it as the generalized Bloch-Messiah
decomposition (GBMD). While the usual Bloch-Messiah de-
composition is a remarkable resourceful tool in nonlinear
quantum optics, as long as the dynamics is unitary and closed
[23,34-36], the generalized version presented here is appli-
cable to arbitrary sets of input and output modes, which
comprise the open systems. The effect of a mismatch between
the transformed input modes and the relevant output modes
on the quantum state is a nonunitary evolution during the
effective nonlinear interaction. Thus, the output quantum state
can be a mixed state, even if the quantum state at the input of
the nonlinear interaction is pure. We describe this effect using
Wigner function representation of the quantum state in phase
space.

Published by the American Physical Society
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FIG. 1. A schematic representation of the scenario considered
in this work. In the most general setting, a quantum pulse of light,
composed of multiple temporal modes with profiles u;(z), traverses a
nonlinear medium with a second-order nonlinear susceptibility x ®.
After the nonlinear interaction some, possibly different, modes v;(¢)
are relevant, e.g., for detection. While we do not explicitly include
the measurement in the model, this setting is inspired by nonlinear
homodyne detection [25-27] and electro-optic sampling [28-31].
Since the set of input and output modes are not necessarily closed
under the transformation by the nonlinear interaction, some addi-
tional modes 4;(¢) in the ground state (vacuum) are required for the
description. The main achievement of this work is a relation between
the input quantum pulse and the quantum state occupying the output
modes based on the (multimode) Wigner function in Eq. (14). This
relation only includes the relevant modes u;(¢) and v;(¢), but not /;(z),
which we achieve by introducing the generalized Bloch-Messiah
decomposition (GBMD) in Sec. IV.

The main result of this work is the phase-space input-
output relation of the quantum states in Eq. (14) connecting
the state prior and after the nonlinear interaction. The Wigner
function representing the output quantum state is given by a
convolution of the Wigner function corresponding to trans-
formed and reduced input state with a Gaussian phase-space
function and a subsequent rescaling.

As examples of the main result, we consider two sce-
narios: first, the parametric amplification of a broadband
near-infrared Fock state, with a mismatch between the in-
put and output mode, and, second, the up-conversion of a
broadband two-mode squeezed state from the terahertz (THz)
to the optical frequencies. The former scenario could prove
useful to the description of nonlinear homodyne detection
[25-27], which utilizes a parametric amplification of the quan-
tum signal prior to a homodyne detection. The latter scenario
is motivated by electro-optic sampling, which comprises an
up-conversion process and a field-quadrature measurement to
enable the measurement of THz (quantum) states of the elec-
tromagnetic field with a detection in the optical frequencies

[28-31]. In both scenarios, the output mode is determined by
the broadband mode of the classical pulse (local oscillator).
Since the input quantum state may occupy several pulsed
modes, this necessarily leads to a mismatch between the di-
mension of the phase space the input state resides in, and the
output mode relevant after the nonlinear interaction. Here we
are not concerned with a comprehensive description of non-
linear homodyne detection or electro-optic sampling, since
it merely serves as a motivation for the formalism presented
here. Thus, we do not explicitly model the detection of the
light. Yet the measurement statistics could be obtained from
the Wigner function of the output state [37]. The formalism
developed here may be applicable to a much broader set of
scenarios. While we choose examples based on broadband
modes, the formalism could also benefit the description of the
nonlinear interaction between modes with a spacial mismatch.
For example, if the output of an optical parametric oscillator
is coupled into an optical fiber [38].

Here we describe the up-conversion using the formalism
of the first-order unitary introduced in [39,40], which can be
understood as a renormalized, first-order perturbation theory
based on the Baker-Campbell-Hausdorff formula. In the first
scenario we consider, the parametric amplification of a broad-
band Fock state, the mismatch between input and output mode
leads to an attenuation of the Wigner negativity. We show that
the parametric amplification can make the negativity more
resilient to the mode mismatch. In the second example, the
up-conversion of a broadband two-mode squeezed state, we
apply the generalized Bloch-Messiah decomposition to reduce
the phase-space dimension of the input state which can lead to
thermalization originating from the breakage of entanglement
either present in the two-mode squeezed vacuum or generated
in the nonlinear interaction. We quantify the thermalization
using the von Neumann entropy and show how it depends on
the central frequency of the output mode. We show theoret-
ically that the up-conversion exhibits two different regimes,
which we call the squeezing and beam-splitting regime, de-
termined by the central frequency of the output mode. In
the example considered here, the squeezing regime exhibits
excess thermalization from the breakage of state-independent
entanglement generated in the up-conversion. In the beam-
splitter regime, the entanglement present in the quantum state
prior to the up-conversion becomes relevant, which could
enable the direct measurement of entanglement in a two-mode
squeezed THz pulse.

This work is organized as follows. In Sec. II we give a
short overview of the formalism used in this work, including
broadband modes and the multimode Wigner function. In
Sec. III the input-output relation of the quadrature operators
is presented. The generalized Bloch-Messiah decomposition
is introduced in Sec. IV, which is then utilized in Sec. V to
derive the main result of this work, which is the phase-space
input-output relation of the pulsed quantum state. In Sec. VI
we present an exemplary nonlinear interaction, which uses a
first-order unitary approach to derive the input-output rela-
tion of parametric amplification and THz-to-optical frequency
up-conversion. We use this in Sec. VII to demonstrate the
application of the formalism in two examples. In the first
example, we consider a parametric amplification of a broad-
band Fock state in the infrared-frequency range. In the second
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example, we describe the up-conversion of a two-mode
squeezed vacuum in two broadband THz modes to a single
broadband mode in the optical frequencies. The work is sum-
marized and concluded in Sec. VIII with an outlook on further
research.

II. A BRIEF INTRODUCTION TO BROADBAND MODES

Quantum optics is based on the assumption that light
of a single color with (angular) frequency w consists of
quanta of a well-defined energy, which are annihilated or
created by the operators a(w) or a'(w) (as shorthand 4,
or a'). This single frequency basis may be good for some
setups, but since nonlinear optics enables the interaction of
light in an ultrabroad band of frequencies, the description
of all individual monochromatic modes can be computation-
ally exhaustive. In this case, it can be instructive to define
broadband (temporal) modes which comprise a continuum
of frequencies instead of a monochromatic wave [41,42].
The quanta of a broadband mode, with frequency distribution
u(w), are annihilated by a, = fooo u*(w)a,dw. The extension
to N broadband modes u;(w), requires the mode functions
to be orthogonal with respect to the Hilbert-Schmidt inner
product (u;, u;) = fooo u} (w)u;(w)dw, to ensure the canonical
commutation relations are fulfilled, [a,,, &Zl_] = §;;. In this
case the modes are said to be orthogonal.

The mode operators can be used to define quadratures

Ru f(a,,j +aT) and p,,j ﬁ(&m —aj,/_), as well as

J
a quantum phase space F Ry oo Xuys Duys - -+ > Duy )T,
where the transpose of an operator valued vector v, denoted
by v 3T, is only applied to the vector not the elements, i.e., the
quadrature operators. A quantum phase space is distinguished
by the f:anf)nical commutation relation between the quadra-

tures, [T, T';] = i(Q )i, with the matrix

0 Iy

QN - (_HN 0 >v (1)
defining the symplectic structure of the phase space and Iy
being the N x N unit matrix. In this work we will represent
the multimode quantum state in phase space using the Wigner
function W (). Starting from the density operator p of a
quantum state, we can introduce the characteristic function
X (B) = tr[,?)ﬁ(B )] as the expectation value of the multimode
displacement operator D) = exp(—if‘TQ £) with respect to
the quantum state. The multimode Wigner function is the

(symplectic) Fourier transform of the characteristic function
(201,

i} 1 ST 2N
W) = o / exp7 B BB (2)

The Wigner function can take on negative values and thus
cannot be interpreted as a probability distribution. The phase-
space representation of a multimode quantum state proves to
be very resourceful, when dealing with a unitary time evo-
lution based on a Hamiltonian quadratic in the quadrature

operators of I, as is the case for a (driven) x®-nonlinear
interaction. Assuming a quadratic Hamlltoman and a closed

system, the time evolved quadratures Fom =M I‘m are related

to the input quadratures, Cins by a symplectic matrix M. The
symplectic matrices are defined by the property MTQyM =
Qy. Thus, the Wigner function of the output quantum state
Wout, after time evolution under a quadratic Hamiltonian, is
related to the input quantum state Wigner function, W,, by
Wou(7) = Win(M~'9), if the system is closed. The symplectic
matrices allow for a special singular value decomposition,
M = 0Z0', with O, O’ being orthogonal symplectic matrices
and Z being a diagonal symplectic matrix which squeezes
one quadrature by a factor and the corresponding orthogonal
quadrature by the inverse factor. This decomposition is called
the Bloch-Messiah decomposition (BMD). The matrices O,
O’ correspond to the passive, multiport beam-splitting action,
while Z corresponds to the active single-mode squeezing ac-
tion of the time evolution mediated by M [20,21,34,43,44]. In
the next section we will show that a second-order nonlinear
interaction of a pulsed open quantum system cannot always
be described by a symplectic transformation and we thus need
to generalize the formalism presented in this section.

III. OPERATOR INPUT-OUTPUT RELATION

The general setting we consider consist of a pulsed quan-
tum state of light as the input to an optical element with
a second-order nonlinearity, which transforms the statistics
and mode function of the input into an output quantum state
residing in potentially different mode functions. Our goal is
to find the output quantum state in a predetermined set of
broadband output modes, given an input quantum pulse and
the input-output relation connecting the quadrature operators
before and after the nonlinear interaction. We denote the oper-
ators annihilating a photon of continuous (angular) frequency
w in the Fock space of the optical system at the input and
output of the nonlinear optical element with &, (@) and Eom(a})
respectively. Furthermore, we assume the input and output
mode operators are related by the Bogoliubov transformation,

bow(w) = / N F (o, 2)ain(Q)dQ
0

+ /oo G*(w, )l (2)d, (3)
0

linear in the creation and annihilation operators [22,23,35].
The integration kernels F and G conserve the canoni-
cal commutation relation 8(w — @') = [bow (@), Blm(w’)]. The
Bogoliubov transformation in Eq. (3) can result from a Hamil-
tonian quadratic in the creation and annihilation operators
as shown in [11,23,35] and Appendix B. Defining quantum
states in the Hilbert space of continuous frequency can be
intricate, e.g., leading to divergences. For this reason, it can be
advantageous to discretize the input-output relation in Eq. (3)
using broadband modes (also known as temporal modes).
One such broadband mode basis can be generated using the
Bloch-Messiah decomposition (BMD), reducing Eq. (3) to the
squeezing of individual broadband modes [23,34,44,45]. For
some cases it might be sufficient to only consider a few of
these most significant broadband eigenmodes of the BMD.
However, in general, the basis given by the BMD will not be
the most efficient one, when describing the transformation of
the quantum state in an arbitrary input mode u(w), and we
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must resort to a description of only the relevant (and possibly
different) input and output modes [22]. For example, the first
Bloch-Messiah mode of the nonlinear interaction in a thin
nonlinear crystal, as discussed in Sec. VI, is centered at half
the central frequency of the classical pulse driving the inter-
action [46]. However, in the up-conversion of a THz quantum
pulse to the detectable optical frequencies, the involved broad-
band modes do not correspond to the Bloch-Messiah modes
of the nonlinear interaction. Thus, a BMD does not result in a
resourceful description.

In the scenario we consider, the input quantum
state occupies N broadband modes with operators
ay, = f douf (w)ain(w), while all other orthogonal modes
are in the vacuum, and the M relevant output modes are
described by ZAJUI. = f dov; (0)bow(w). At this point the output
modes are completely arbitrary. However, they could be
determined by further processing, e.g., by the local oscillator
pulse of a homodyne detection, or be obtained using the
formalism presented in [22]. By inserting the input-output
relation of Eq. (3) into the definition of the output modes, we
can relate

b, = gy, + &a), 4)
to the (possibly overlapping) mode functions
1
7@ =+ [ Fro. 2o, )
1
8i(Q) = — / G (0, Q] (w)do, (6)

normalized through ¢; and &;. Since the modes f; and g;
are possibly overlapping, they are not orthogonal with re-
spect to the Hilbert-Schmidt inner product and in turn, do
not obey the canonical commutation relation. Yet, to write
the input-output relation in terms of the occupied input
modes and some vacuum modes, we can utilize the Gram-
Schmidt procedure to transform the linearly independent
modes {uy,...,un,g1,.-.,8Mm, f1,..., fu} into a set B =
{ur, ..., un, hy, ..., hopy} of orthogonal modes. The linear in-
dependency is assumed here, but holds true for most practical
examples. In some cases it is possible to use a smaller set of
modes than B [22], however here we focus on the most general
case. Inverting the Gram-Schmidt basis allows us to express
the output modes, v;(w), with elements of the Gram-Schmidt
basis B. To facilitate an input-output relation of the quantum
state using the Wigner function, we introduce the quadrature
operators £y = %ﬁ(&f + 21;.) and py = ﬁ(&f - 21}). Orga-
nizing the quadratures of the output, input, and orthogonal
(vacuum) modes into the vectors

3, 2 s N A T
Foutz(xvla-~-’xuMapv1a-~-vva) s (7)
5 o ~ A A~ \T
Fil’l:(xulv"'s-xu/vvpu]!""puN) k) (8)
3, s o A A T
L= (Ras oo s Phys oo Pho) )]

allows recasting the input-output relation in terms of phase-
space operators,

A A

Cou = ATy, + BT, (10)

The matrix

A= (Re(ﬁn + Gin)

mwm+%j
(11)
Im(En + Gin)

Re(Fin - Gin)

is determined by the matrix elements [F,l;; = (u;, f;)* =
I Vi(0)F (0, Qui(Q)dwd2 and  [Gilji = (i, g;) =
[/ vi(@)G* (0, Q)u; (2)dwd$2, while B depends on the
matrix elements of F and G with respect to the modes v;
and h; (see Appendix A1 for details). If no vacuum modes
are involved, B =0, and the input-output relation of the
quadrature operators conserves the cannonical commutation
relation, the matrix A in Eq. (10) becomes symplectic. In
general, however, A might not even by a square matrix. To
resolve this issue we introduce the generalized Bloch-Messiah
decomposition in the following section.

IV. THE GENERALIZED BLOCH MESSIAH
DECOMPOSITION

If the number of input modes N differs from the number
of output modes M, the matrix A in Eq. (10) is not a square
matrix (in general A € R?*2V)_ Yet, the rectangular shape
of A suggest a more efficient mode basis for which a square
matrix exists, only involving min{N, M} input and min{N, M}
output modes. For this reason we introduce the generalized
Bloch-Messiah decomposition (GBMD). As we show in Ap-
pendix C, we can decompose

S;PTA M >N
A=1A M=N (12)
APRSR M <N

with §; € R?>2M g, « R2VX2V peing symplectic, while
Py e R2V2M | pp e R2M>2N reduce the dimensionality and
A being a real square matrix with dimension 2 min{M, N}.
The index L indicate the left-sided decomposition and R the
right-sided one.

We call Eq. (12) the generalized Bloch-Messiah decom-
position, since it is based on the symplectic version of the
singular value decomposition of a rectangular matrix A intro-
duced by Xu [32,33]. Different to the usual Bloch-Messiah
decomposition, A does not need to be symplectic. However,
we assume AQAT is nonsingular. This is usually the case as
long as all output modes overlap with at least one input mode
after it is transformed by the nonlinear interaction. There
exists an algorithm to compute the GBMD derived by Xu
[33] based on symplectic Housholder and Givens rotation. We
present an example of the algorithm in Appendix C 1, and the
corresponding Python implementation can be found in [47].
The decomposition in Eq. (12) has great potential for many
settings in quantum optics. The GBMD could potentially be
used to describe the single-mode measurement of a multimode
quantum state after transformation by a nonlinear element
[27,38,40] or to orthogonalize overlapping mode functions as
proposed for the correlation tomography in [46]. The simpli-
fied input-output relation resulting from the GBMD allows us
to formulate an input-output relation of the quantum states.
However, since the GBMD reduces the dimension of either the
input or output phase space, the quantum-state input-output
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FIG. 2. (a) The input modes of T, in the frequency domain. (b) The effective input modes, which are obtained from the generalized
Bloch-Messiah decomposition in Eq. (12), by first transforming the input modes using the symplectic matrix Si and afterwards reducing the
number of effective modes using Py to match the number, M, of output modes v; (in this case we consider one output mode, M = 1, centered at
Wour)- We call the moEles which are kept system modes (labeled by s) and label the residual modes by r. The effective modes are up-converted to

the output modes in ﬁ,uh shown in (c), by the x ®_ponlinear interaction resulting in Eq. (10). Here we used the nonlinear interaction introduced

in Sec. VI as an example.

relation, derived in the following section, necessarily needs to
be an open-system description.

V. THE INPUT-OUTPUT RELATION IN PHASE SPACE

In this section we derive the phase-space input-output rela-
tion based on the multimode Wigner function of the input and
output state. The generalized Bloch-Messiah decomposition
in Eq. (12) allows us to find a set of min{N, M} effective
modes, describing the transformation of the quantum state
due to the nonlinear interaction. The output Wigner function
presents the main result of this work. Since only one of the
three cases M > N,M = N or M < N can be true at the same
time, we will derive the phase-space input-output relation for
all three cases separately.

A. Input mode surplus (M < N)

In the case of an input-mode surplus (M < N), the gen-
eralized Bloch-Messiah decomposition is A = APgSg. Thus,
we can collect the effective system modes, i.e., the modes
transformed into the relevant output modes by the nonlin-

ear interaction, in f‘in’s = PgSglin. While Sg transforms the
phase space of the input modes, the matrix P reduces the

2N components of the vector SRI_"}n to the 2M components
of the output phase space, as visualized in Fig. 2. We define
the reduced input state of the system modes, Piys = tr,(Din),
by tracing over the remaining N — M modes not contained

in f‘in,s. The modes traced out are marked by r in Fig. 2 and
will be called residual modes, as opposed to the remaining
system modes marked by s. Since only the system modes are
relevant to the output quantum state, we introduce the Wigner
function, W, (¥), of the reduced input quantum state, Pin s,
of the system modes. Furthermore, by defining the covariance
matrix of the orthogonal (initial vacuum) modes, covg = BBT,
we can express the output Wigner function as a convolution of

the multivariate Gaussian phase-space function,

M (27 M

G() = ———exp (—y T Acov;' ATP), 13
#) N p (-7 5 A'P) (13)

and the input Wigner function, resulting in
Wou(7) = Wins * G)(A™'P), (14)

with *x denoting the convolution. Thus, the reduced input
Wigner function is smoothed out by the convolution with G
and transformed by A. A detailed derivation of Eq. (14) can
be found in Appendix D. As a remark, it should be mentioned
that for multiple nonlinear interactions in a setup, all Gaus-
sian phase-space functions involved in the convolution can
be collected into one Gaussian. An example of Eq. (14) for
a two-mode squeezed input pulse and a single (broadband)
output mode is discussed in Sec. VII B.

To better understand Eq. (14), it is instructive to elaborate
on a special case of the phase-space input-output relation. Let
us consider an input quantum pulse described by a Gaussian
Wigner function,

exp (—?Tcovi;l)?), (15)

1
aM./det(coviy)
with covariance matrix covj, and no displacement in phase
space. Since the nonlinear interaction is described by a
quadratic Hamiltonian, the output state is still Gaussian with

a covariance matrix
COVout = covg + Acovin AT, (16)

and the covariance matrix covi,s = PRSRcovinSEPE corre-
sponding to the covariance matrix of the reduced input state
of the system modes.

B. Output mode surplus (M > N)

In the case of an output mode surplus (M > N), only
a fraction of the output modes are necessary to represent
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the transformed input quantum state. Utilizing the GBMD
A = STPf A, we can define the phase space of the reduced
output modes, i.e., the system modes, as y; = PLSL_IT/ and
the phase space of the environment y,, which together com-
prise the phase space of the full output Wigner function,
y. Furthermore, by separating the covariance matrix of the
orthogonal modes into system, covg s = PLSLCOVBSEPE , and
an environment part, covg..., with the latter corresponding to
the remaining blocks on the diagonal of SLcovBSZ besides
covp s (see Appendix D for more details). If we trans-

form to the basis TT 1 = (Rn,» Phy» Rnys Phos - - - » Koy » Py )T
the transformed covariance matrix disintegrates into the four
blocks,

COVpB ss

TSLCOVBSET = <COVB
,es

covB,W)’ (17)

COVB, e

with the system and environment blocks on the diagonal.
By introducing the Schur complement, cOVschyr = COVp s —
covB_secovg,LecovB,es, together with Pycpyr = covB_escovg,Lef/e,
connecting the system and environment by the off-diagonal
blocks covp s = covy ., We can again express the output
Wigner function by a convolution. Compared to the case in
the previous section, the multivariate Gaussian phase-space
function,

M
G(7) = G5z [det(coVianu) det(covp.ee)] 2
x exp (= Acovy ATs), (18)

is determined by Schur complement covgchy, of the covariance
matrix covg with respect to the system modes. The output
Wigner function,

Wout(]_}) = Wi * G)(-Ail[l_)ﬂ + ]_)schur])a (19)

is again the input Wigner function, but smoothed out by the
convolution with G and rescaled by A, however, additionally
displaced by Vschur-

C. Equal mode number (M = N)

If the number of input modes equals the number of output
modes, we cannot reduce the dimension of the input state
nor the output state. However, this is not necessary since the
matrix A, describing the nonlinear interaction between in- and
output modes, is a square matrix. Thus, the GBMD is not nec-
essary. The transformation A given by the nonlinear process
is still not symplectic, as long as the vacuum modes /;(w) are
involved. Yet, we can describe the phase-space input-output
relation using the Gaussian phase-space function

22M71M

Gy = J/det(covg)

exp (— ?TACOVEIAT?) (20)

by
Wou(7) = Wiy % G)A™'P). (1)

This case will be further discussed in Sec. VII A for a pulse of
a single (broadband) mode Fock state (N = M = 1).

VI. EXAMPLE OF THE SECOND-ORDER
NONLINEAR INTERACTION

To illustrate the input-output theory derived above, we
consider the frequency conversion of THz radiation to optical
frequencies as well as the parametric amplification of infrared
radiation using a zinc-telluride nonlinear crystal in free space
[48,49]. With a crystal orientation as in [16], the effect of the
second-order nonlinear susceptibility x® is described by a
unitary time-evolution operator,

N 1 &
UNL = eXp (5 // J(Q, w)&wagdwdﬂ — H.c.
0

o0
+ / / K(, w)&LanwdQ), (22)
0

quadratic in the operators acting on the modes polarized or-
thogonal to the strong classical pulse driving the nonlinear
interaction. The kernels J(€2, w) and K(£2, w), accounting
for a squeezing and beam-splitting interaction respectively,
are given in Eqgs. (B2) and (B3). The squeezing interaction
simultaneously creates or annihilates a photon at frequency w
and 2, while the beam-splitting interaction creates a photon
at frequency o and annihilating a photon at frequency €2.
Both kernels scale linearly with the coherent amplitude « of
the classical pulse driving the nonlinear interaction. Here we
neglect any time-ordering effects, which is valid as long as
the nonlinear interaction is weak. In general, time ordering
becomes relevant if higher orders in a perturbative series con-
tribute to the time evolution, since the higher orders account
for time ordering. Yet the quadratic form of Eq. (22) is unaf-
fected by time-ordering effects, only the kernels J(2, w) and
K (2, w) may change. There are theoretical tools to include
time ordering [12,35,50,51]; however, we will resort to the
simplified kernels in Eqs. (B2) and (B3), since this is sufficient
to demonstrate the general features of the formalism derived
in the previous section. An example of the kernels for a thin
crystal of length L =20um and a probe pulse centered at
200 THz with a bandwidth of 118 THz is shown in Fig. 3.

Using the first-order unitary introduced in [39,40]
and defining fx(Q) = — [ K*(Q, o)v(w)do, f1(Q)=
f J*(R, w)v*(w)dw we can calculate the parameters

00 1/2
eKz(// |fK<s2)|2dsz) , 23)
Ooo 1/2
91=</f0 |f1(9)|2d9> , (24)

determining the amount of beam splitting and squeezing in-
volved in the nonlinear interaction which results in a given
output mode v(w). Depending on whether beam splitting or

squeezing dominates, the parameter 6 = v/[02 — 9J2| defines
a beam-splitting or squeezing relation,
(cos[0], sin[A])
(. v) = .
(cosh[#], sinh[6])

O > 0
KT s
9[( <0]

resulting in  F(w, Q) = pud(w — Q) —vK(Q, w)/6 and
G(w, 2) =vJ(2,w)/0. The first-order unitary can be
understood as a first-order perturbation theory (using
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K(Q,w)/lal [ps] X10—9
-4 -2 0 2

J(Q,w)/lal [ps] x19-9
-4 -2 0 2 4

400
200

Q/(27r) [THZ]

D

w/(2m) [THz]

Q/(Qﬂ') [THZ]

FIG. 3. An example of the kernels J(£2, ) and K (€2, w) describ-
ing the nonlinear interaction mediating between the input and output
modes, which is defined in Eq. (22). The kernel J(2, w) describes
the strength of a squeezing interaction between the continuous (an-
gular) frequency mode at 2 and the mode at w, simultaneously
creating or annihilating a photon in each mode. The kernel K (2, w)
corresponds to a beam-splitter interaction between the continuous
frequency modes and creates a photon in the mode w, while annihi-
lating one at 2. The nonlinear crystal is assumed to be zinc telluride
with a refractive index n(w) [52], length L = 20 um and an electro-
optic coefficient 75 = 4 x 1072mV~" [53]. The classical coherent
pulse driving the nonlinear interaction is assumed to be centered at
wp/(2m) = 200 THz, to have a bandwidth of Aw,/(27) = 118 THz
and a coherent amplitude of «. We assume the nonlinear crystal
is in free space, the coherent pulse is in the fundamental paraxial
mode with beam waist area A = 28 um? and polarized orthogonal to
the mode of the quantum interaction. Note that for one frequency,
Q or o, fixed to w,, most of the contribution from the squeezing
interaction is below the central frequency of the coherent pulse, but
above for the beam-splitting contribution.

the Baker-Campbell-Hausdorff formula) renormalized to
fulfill the bosonic commutation relation. We will refer to
the parameter range with 6x > 6; as the beam-splitting
regime, while 0x < 0, is called the squeezing regime. A
simplified version of single (monochromatic) mode frequency
conversion in the beam-splitter regime can be found in [54]
and for a broadband but mode selective case in [55]. The mode
function v(w) could be determined by using the formalism
introduced by Tziperman et al. [22]. However, here we
follow an example suited for a subsequent detection of the
output mode, e.g., using homodyne detection with the local
oscillator defining the broadband output mode. Since the local
oscillator mode and the broadband modes of the quantum
state do not necessarily correspond to the Bloch-Messiah
modes of the nonlinear interaction, the relation between the
input and output quantum pulse is (in the most general case)
not described by a symplectic transformation.

VII. EXAMPLES

In these sections we will investigate two examples of the
phase-space input-output relation. First, we consider a broad-
band Fock state in the infrared-frequency range parametrically
amplified by the nonlinear interaction introduced in the

Win(z,p) %10~

— u(w) --- v(w)
— 11w == fx(w) 3-2-10 1
x1072 x1078

0 200 400

w/(27) (THz) x

Wout (fc D) x10—2

.

74 -2 0

74 -2 0 2
xT T

'y

FIG. 4. (a) The input and output mode functions u(w) and v(w)
as well as the mode functions fx(w) and f;(w), defined in Sec. VI,
in the frequency domain. (b) The input Wigner function of a pulsed
infrared three-photon Fock state in the mode u(w). (c) The output
Wigner function in the mode v(w) without a nonlinear interaction
between the input and output (o = 0). (d) The output Wigner func-
tion in the same mode v(w) but including a nonlinear interaction
(o =7 x 10%). Since the output mode transformed by the nonlinear
interaction includes some overlap between the input mode and the
mode f;(w) in addition to the overlap between u(w) and v(w), more
of the input states Wigner negativity is visible in the output state as
compared to (c).

previous section. The output mode is assumed to have a much
narrower bandwidth, which results in an attenuation of the
negativity in the Wigner function of the output state. The
parametric amplification can recover some of the negativity.
Second, we investigate the up-conversion of a broadband
two-mode squeezed state in the THz range to one optical
broadband mode. In both cases we stay in the perturbative
regime of the nonlinear interaction with @ = 7 x 10%, as nu-
merically verified in [39]. Higher coherent amplitudes « of the
classical pulse may require to take time ordering into account
[35,50,51].

A. Single-mode Fock state

The scenario we consider in this section consists of
one broadband mode u(w) in the infrared-frequency regime,
which is occupied by a n-photon Fock state, while the output
mode v(w) is narrower in the frequency [cf. Fig. 4(a)]. The
broadband mode of the Fock state is centered at w;,/(27) =
100 THz and has a frequency spread of 59 THz, while the
output mode v(w) has a smaller bandwidth of Aw/(27) =
24 THz and a central frequency of wqy/(2r) = 115 THz.
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Since we only have one input and one output mode, we
can use the expression in Sec. V C. Using a singular value de-
composition, the matrix A~ lcovg[A~1T = axéxéz + U,,E,,éz
is diagonal in the phase space basis &,, €, with singular values
0y, 0p. By defining A7y =y8, + z€, we can express the
Wigner function of the output state for an n-photon input state
as

exXp (_cfx+1 optl

w|det(A)],/(oy + 1)(op, + 1)
n o, — 1 m (_l) —2Z2 O.p _ l n—m
L, *
XZ(GX—i—l) (crxz—l oyt 1

“h( =2y
L,i_3,3< - 1>- 6)
O'p -

Examples of Eq. (26) for a three-photon input state can be
seen in Fig. 4 using the nonlinear process presented in Sec. VI.
The three-photon input state (n = 3) is shown in Fig. 4(b),
while the output state in the mode v(w), calculated according
to Eq. (26), is visualized in Fig. 4(c) excluding the nonlinear
interaction (¢ = 0) and in Fig. 4(d) including the interaction
(@ =7 x 10%).

It is important to note here that in general the time evo-
lution connecting the input and output Wigner function is not
unitary and the system of input and output modes is not closed
since the vacuum modes in Eq. (10) are traced out during
the calculation of the output quantum state. Tracing over the
additional modes will admix some of the (transformed) vac-
uum modes to the output quantum state which is quantified by
the singular values o, 0,,. Due to the additional contributions
from the traced out vacuum modes, A does not need to be
symplectic to ensure the conservation of the canonical com-
mutation relation. Thus, the output Wigner function can be
thermal, even if the input state was pure. The thermalization
is determined by o, and o), since the matrix A only rescales
the arguments of the Wigner function.

The thermalization of the output state can be seen in
Fig. 4(c), since the output Wigner function is non-Gaussian,
but the negativity is reduced. The thermalization originates
from the mismatch between the input and output mode, which
requires introducing two modes 4 (w) and &y (w) to describe
the operator input-output relation (see Sec. III). The nonlinear
interaction, introduced in Sec. VI can be used to increase the
mode overlap again, since the transformation of the output
mode operator b, with the unitary in Eq. (22) of the nonlinear
interaction will result in two (overlapping) modes f(2) =
Flv(R) + 4 fr()] and g(Q) = gz £7(R) (see Appendix B).
Because f;(€2) overlaps well with the input mode, the non-
linear interaction reduces the contribution of the modes 4 (w)
and /i, (w) to the input-output relation and thus decreases o,
and o,. For the example in Fig. 4, the minimum of the output
Wigner function is decreased from —7.11 x 10~* without the
nonlinear interaction to —4.66 x 1073 with the nonlinear in-
teraction. The Wigner negativity is not necessarily improved
due to the nonlinear interaction, since it can introduce some
squeezing which can lead to some additional thermalization,
as we will discuss in the next section.

Z2 » )
Wout(?) =

Our results open a path to a possible optimization in the de-
tection of pulsed quantum states exhibiting Wigner negativity.
By combining the input quantum state in the mode u(£2) with
a squeezed vacuum pulse in the mode /,(£2) orthogonal to
u(£2), the smoothing parameter in one direction, e.g., o, could
be reduced by the expense of enlarging the other. The com-
bined effect still could increase the total Wigner negativity
in the output state. We elaborate on the extension to multiple
input modes using a two-mode squeezed state in the following
section.

B. Two-mode squeezed vacuum

In the example considered in this section, two broadband
modes in the THz regime, containing a two-mode squeezed
vacuum state, are up-converted to the optical frequency range,
in which only one mode is of further interest, as depicted in
Fig. 2. Multimode squeezed states possess a Gaussian Wigner
function, thus we can utilize Eq. (16) to describe the output
Wigner function.

Since the number of output modes is smaller than the
number of input modes, M < N we need to find the GBMD,
introduced in Sec. IV, A = APgSg. A Python implementation
of the algorithm, presented in [33] and described in Ap-
pendix C 1, for the specific setting considered in this section,
can be found in [47]. We use the same parameters for the
nonlinear crystal as in the previous example (and introduced
in Sec. VI). In the case of a real drive amplitude « € R, the
mode functions are real as well, v(w), u(w) € R for all w,
and the matrices A, covg become diagonal. Therefore, we can
represent the dependence of the matrix elements .A;;, 45, and
[covglii, [covpla Oon oy, ¢ in Fig. 5. A prominent feature of
Fig. 5 is the different dependency on « in the beam-splitting
and squeezing regime, introduced in Sec. VI. While the cen-
tral frequency of the output mode determines the regime, with
a transition from squeezing to beam-splitting at woy/(27) =
186 THz, the parameter « affects the squeezing and beam-
splitting interaction the same and thus is proportional to 6.
Therefore, the quantities determining the input-output relation
of the quadratures, shown in Fig. 5, exhibits a periodic de-
pendence on the coherent amplitude « in the beam-splitting
regime and exponential dependence on « in the squeezing
regime. Increasing the central frequency wq, of the output
mode increases the overlap of the mode function f(£2) in
Eq. (5) with the input mode function u(f2), while decreas-
ing the overlap between the mode function g(<2) in Eq. (6)
and u(€2). The change of the overlap between the respective
modes results in a sign change of A, as visible in Fig. 5(a),
and thus leads to a zero crossing of A;;. The attenuation of
the x quadrature close to the transition from beam-splitting
to squeezing regime is observed in e.g. classical electro-
optic sampling [56]. It is an open question, if the transition
from beam-splitting to squeezing regime is a phase transition,
which will not be addressed in this work.

The two parameter sets exemplified in this section are
marked by (i) for woye = 193 THz and @ = 7 x 10* or (ii) for
wout = 199 THz and @ = 7 x 10*.

The most significant difference to the previous example
in Sec. VII'A, is the reduction of the input mgdes to one

effective input mode with quadrature operators f‘in,s = PrSg
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Ann x1072 A2 x1071

0 1 2

wout/(27) (THz)
wous/(27m) (THz)

x10*
[COVB]11 [COVB]QQ

1.01 1.02 0.99 1.01 1.03

wout/(27) (THz)
wout/(27) (THz)

x10% x10%

FIG. 5. The four parameters, independent of the input quantum
state, determining the Wigner function of the output quantum state
as a function of the central frequency wq, of the output mode and the
amplitude « of the classical pulse driving the nonlinear interaction.
(a, b) The nonzero elements A;;, Aj,, of the matrix A. The matrix
A is calculated using the generalized Bloch-Messiah decomposition
as described in Sec. VIIB. The matrix A scales the phase space of
the output Wigner functions. (c, d) The two nonzero entries of the
of the covariance matrix covg in Eq. (16), independent of the input
states covariance matrix, as a function of the same parameters. The
horizontally dashed lines mark the transition from the squeezing to
the beam-splitting regime, introduced in Sec. VI, as w,, is increased.

A

f‘in = (Refr, Peir)'. The effective input modes correspond-
ing to the two different output modes are shown in
Fig. 2(b). While the p-quadrature is mostly independent
of wey, the x-quadrature changes drastically. This is vis-
ible in Fig. 6(a), which shows how much the modes
u1(2) and up(€2) contribute to the effective input quadra-
tures as a function of the output modes central frequency.
The contribution of each input mode is determined by
Sk since theA effective input mode corresponds to the first

mode in SRﬁin. While at wo, = 193 THz, the effective in-
put mode mostly consists of contribution from the first
input mode u;(£2), going to wey = 199 THz exchanges the
roles of %, and X,, while the p-quadrature stays almost
unaffected.

The impact of the different effective input modes on the
output Wigner function is best exemplified by a two-mode
squeezed input state with covariance matrix

covi, = diag(e™ 2", &*, &, ™), 27)

<
fn
2
19
B
=
()
=
g
g
g -
S | |
: .
% 2] - *
g : | — S(covout)
‘ ‘ - S(COVout;VaC)
N . |
e L L T
, L N
200 210 220

180 190
wout/(27) (THz)

FIG. 6. (a) The nonzero elements of the symplectic matrix Sg
transforming the quadratures of the input quantum state as a function
of the central frequency w,,, of the coherent pulse driving the nonlin-
ear interaction. The entries (Sz);; and (Sg);» determine the amount
X,, and %,, contribute to the effective input quadrature % shown in
Fig. 2, while (Sg)33 and (Sg)34 determine the amount p,, and p,,
contribute per. (b) The von Neumann entropy of transformed input
state covariance matrix covi,s as a function of the central frequency
oy Of the output mode, calculated according to [20,21,57]. (c) The
von Neumann entropy of the output state with covariance matrix
COVyy, if the two-mode squeezed state with covariance matrix in
Eq. (27) is used, and covgyvac, if the input state is the vacuum.

expressed in the basis of [j,. An example of the Wigner
function with the covariance matrix of Eq. (27) and » = 1 can
be seen in Fig. 7(a) for the reduced state of the phase space
(X4, Pu,) and in Fig. 7(b) reduced to (£,,, pu,)-

The effect of the exchange of the quadratures %, and
Xu, on the squeezed state as the output frequency goes from
Wout/(2m) = 193 THz to woy/(2w) = 199 THz is shown in
Figs. 7(c) and 7(d), respectively. At (i) the Wigner function
with the covariance matrix, coviys, of the transformed input
state used in Eq. (16) follows the reduced state of the first
mode in Fig. 7(a). For (ii) the transformed state inherits the
antisqueezing of the first mode in the p quadrature and of the
second mode in the x quadrature, resulting in a thermal state,
i.e. the Wigner function is spread over a larger phase-space
volume. The thermalization can be quantified with the von
Neumann entropy shown in Fig. 6(b) as a function of the
central frequency of the output mode wgy. For a Gaussian
quantum state, the von Neumann entropy can be calculated
according to [20,21,57]. Since the transformation with S is
symplectic and the initial state is pure, the thermalization
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Win,1(%) Win,2(7)
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VVin,s('?) VViD,S(’?)
Q,
x1072
Wout (7)
,

FIG. 7. (a, b) The two-mode squeezed input Wigner function of
the first mode u,(€2) in (a) with a squeezing parameter of r| = —1
and of the second mode u,(£2) in (b) with a squeezing parameter of
r, = 1. The covariance matrix of the input state is defined in Eq. (27).
(c, d) The Wigner function of the transformed and reduced input
state with covariance matrix covi,s for an output mode centered at
Wout/(21) = 193 THz or wou/(2m) = 199 THz, respectively. (e, f)
The Wigner function of the output state with the covariance matrix of
Eq. (16) for the same output modes as in (c) and (d). The amplitude of
the coherent pulse driving the nonlinear interaction is & = 7 x 10%.

has to originate from entanglement breakage during the mode
reduction and thus the von Neumann entropy measures the

entanglement between the modes in S #L.

The Wigner function of the output state with covariance
matrix according to Eq. (16) for the parameters (i) and (ii) are
shown in Figs. 7(e) and 7(f) respectively. Both distributions
are thermal, as can be seen from the von Neumann entropy
as a function of the central frequency of the output mode
in Fig. 6(c). The von Neumann entropy of the output state
does not show the increase which the transformed input state
exhibits, as the central frequency of the output mode is shifted
from the squeezing to the beam-splitting regime. However, the
difference in the von Neumann entropy of the up-converted
two-mode squeezed state to the von Neumann entropy of the
output state with covariance matrix covoyt yac = AAT + covp,
resulting from the input state being the vacuum, shows a clear
increase. This is because some of the thermalization generated
in the up-conversion is state independent and captured by

covp. We can utilize this fact to calculate
T
COVyiff = COVout — COVout,vac = A(COVin,s - ]I)A . (28)

Since for a real drive amplitude « € R all matrices are diag-
onal, it is sufficient to consider the variances. If one of the
variances in covgi is negative, the transformed input state ex-
hibits some squeezing, since the only negativity can originate
from covi,s — [. While we are not including the measure-
ment here, the variances covgs can potentially be accessed
using, e.g., the electro-optic sampling setup from [10]. For the
example in Fig. 7(e), the difference between the covariance
matrices is covgi = diag(—1.16 x 107>, 0.14) and thus hints
at some squeezing in the x quadrature of the transformed
input state below the vacuum fluctuations. For the example
in Fig. 7(f), the difference covariance matrix is covgig =
diag(3.30 x 107*,0.15) and therefore the transformed input
state shows excess fluctuations in both quadratures compared
to the vacuum.

Thus, the generalized Bloch-Messiah decomposition al-
lows us to find an input-output relation between a different
number of input and output modes. By doing so, we can
investigate the emergence of thermalization in a parametric
up-conversion and find suitable modes to achieve the conver-
sion of desired states.

VIII. CONCLUSIONS

Nonlinear optics is key for the development of multi-
mode (ultrafast) quantum optics. In this work, we present
the phase-space input-output relation of multimode Wigner
functions representing pulsed quantum states undergoing a
x @-nonlinear interaction. While the input modes are deter-
mined by the pulsed quantum state, the output modes are
arbitrary and could, for example, be determined by a homo-
dyne detection after the nonlinear interaction. As the number
of broadband input modes might not match the number of
output modes, we introduce the generalized Bloch-Messiah
decomposition (GBMD), based on a symplectic version of
the singular value decomposition, to reduce the number of
modes such that they coincide. With the GBMD we show
that the output Wigner function is related to the Wigner
function of the reduced input state, convolved with a Gaus-
sian phase-space function and rescaled by a nonsymplectic
matrix.

We elaborate on this result using two examples. First, we
consider a Fock state in a single infrared-broadband mode
parametrically amplified and spectrally filtered to a narrow
bandwidth output mode. We present an example where the
Wigner negativity of the input state is more resilient to the
mode mismatch if the nonlinear interaction is included. Sec-
ond, we describe the up-conversion of a squeezed pulse in
two THz-broadband modes to a single optical pulse and show
that the reduction of the input modes due to the GBMD can
lead to entanglement breakage in the two-mode squeezed in-
put state, resulting in thermalization of the output state. We
identify two regimes of the up-conversion determined by the
central frequency of the output mode, which we call beam-
splitter and squeezing regime, and characterize the effect of
the different regimes on the output Wigner function. We quan-
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tify the thermalization using the von Neumann entropy and
identify a state independent thermalization due to the break-
age of entanglement generated in the nonlinear interaction
itself, which leads to excess thermalization in the squeezing
regime.

With the tools presented in this work, we are able to
efficiently describe the nonlinear interactions of pulsed quan-
tum states, necessary to advance quantum optics to the
ultrafast regime, with possible applications spanning from op-
tical quantum information technologies to efficient fast photo
detection.
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APPENDIX A: INPUT-OUTPUT RELATION OF THE QUADRATURE OPERATORS

In this Appendix we derive the quadrature input-output relation of Eq. (10).

1. Orthogonalization procedure

Applying the Gram-Schmidt orthogonalization procedure to {u, .

{uy,...un, hy, ... "y} of orthogonal mode functions with

Lei(Q@) = X0 (uj g () — Y72 (hy gidhi ()]

e UN, 8Ly 8M> f1s ..., fu} Tesults in a set

forl1 <i<M

hi(€2) = . N . . . (AD)
o (@) = 2 G fioandup (@) = Xk fiandhi(Q)] for M < i < 2M
If we solve the above equations for g;(w) and f;(w), we obtain
N i—1
2i(Q) = xihi(Q) + Y (), g)u; () + Y (hj, gi)h;(Q), (A2)
j=1 j=1
N i+M—1
FQ) = zihism () + Yy, fiduj () + Y (hy, [k (), (A3)
j=1 =1
which we can insert into the output operators of Eq. (4),
N i+M—1 N i1
by, = g +al, =zl + Y G ) a, Yy ), xa) Y G gal + Y (hy, g)a. (A4)
j=1 j=1 j=1 j=1
By collecting the input, output, and Gram-Schmidt operators into the vectors
5 ~ A A e T A . R . N N N N AT At \T
bout = (bv], ...,va,bIl,...,sz) . dip = (aul,...,auN,aZl,...,a;N) , 4l = (ah], ...,ahZM,ahl,...,ahZM) ,
and defining the matrix elements [Fyul; = (u, /) = [[ vH(@)F (0, Qui(Q)dwdQ  and  [Gulji = (u;, ;) =
[ vi(@0)G* (@, Q)uf (2)dwdS2, which correspond to the matrices
(ur, fi)* (un, f1)* (u1, &1) (un, g1)
(ur, fu)* (un, fur)* (w1, gm) (un, gm)
as well as defining the matrices
(hi, fi)* (haes f1)° 2 0 0 0
hy, fo)* h, £2)° (s, Y 2 0 0
- (h :fz) (hu, f2)° M+1: R 2 ’ (A6)
(h1, fu)* (hat fon)* (hav—1, fn)* zm
X 0 0 0
hy, x 0 0
G, =| e =t , (A7)
(h1, gum) (hv-1,8m)  xm O
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we can utilize

F; G; F G
o= ) a=(G &) (A8)
¢ (Gin Fin ¢ GL GL
to recast Eq. (A4) into l;om = Acﬁin + Bcfz 1. To go from the complex mode space to the real phase space, we can use the matrix
1 (I ill
-0 5)

to transform the vectors Fout = T bout, in = T am, r L= TCsz | and the matrices

(A10)

A=TIAT, = <R€(Fin +Gin)  Im(=Fu + Gm)) _ (Re(Fin) Im(—Fm)) N <R€(Gin) Im(Gin) )

Im(En + Gin) Re(Fin - Gin) Im(En) Re(Fm) Im(Gm) Re(_Gin) '
_ip o (Re(FL+GL) Im(=FL+G1)\ _ (Re(Fy) Im(—F.)\ , (Re(GL) Im(GL)
B=Tc BT = (Im(FL +G1)  Re(FL—Go) ) = (Im(ﬂ) Re(F.) ) (Im(Gn Re(—Gn)’ (ATD

accordingly. Thus, multiplying the equation for Bout by T. and using T.7." = I, we arrive at the input-output relation of Eq. (10).

2. Example N =M =1

Let us start with the simplest example used in the main text: one input mode u(w) and one output mode v(w) or M = N = 1.
In this case the matrix connecting the input and the output quadratures is

_ Re((u, f+g) Im({u, f +g)) ' (A12)
Im((u, —f +8) Re((u,f —g)
The matrix A is symplectic up to a scalar since ATQ,A = Q(|(u, £)|* — (1, g)|?). With the matrix
_ Re((hi, f))+x z  —Im((h,f)) O ’ (A13)
Im((h1, f)) 0 Re({(h,f)—x z

the contribution due to the initially unoccupied modes is

_ (Re((h1, f) +x)? 0 2, a1 0O
COovg = ( 0 (Re((hl,f> _x)Z) + [Im(<hl’ f)) +z ](0 1) (A14)

APPENDIX B: THE FIRST-ORDER UNITARY FOR THZ-TO-OPTICAL FREQUENCY CONVERSION

In this Appendix we will derive the input-output relation of the quadrature operators used in the example of THz-to-optical
frequency conversion as described in Sec. VI. We start from the time evolution operator,

N 1 o0 o0
On ~ exp <§ / f I, ©)a,a0dod — He. + f / KIS, w]a;agdwdg), (B1)
0 0

which is expressed in terms of a squeezing interaction given by the kernel J(€2, w) and beam-splitting interaction described by
K(2, ). The unitary time-evolution operator is derived in [46] and is based on a first-order Magnus expansion [58]. For the
geometric arrangement of the classical pulse and nonlinear crystal as in [16], the kernels are given by [46]

_ 3/2 w+ Q
J(Q, 0) = o1 -(2m) 4HSOCA /n(w+9)a( w+Q) | o )(Q),\[Ak(sz )], (B2)
K, )—2 (2n >3/2< : )3/2 0= @ - o) et — 21| —22 TAk-Q. o), (B3)
@ dmegcA n(w — Q) @) el n(a))n(Q) @

with /):(k) = kﬁsinc(kL/Z) being the Fourier transform of the transversal profile of the crystal, the wave-vector mismatch
Ak(Q2, w) = kqto — ko — k,, and the coherent amplitude «(2) of the classical pulse, which vanishes for negative €2, the
refractive index n(w) of zinc telluride [52], and the beam-waist area A = (3 um)? as well as 7, ¢ and &, being the reduced
Planck constant, the speed of light in vacuum and the permittivity, respectively.

The first-order unitary approach developed in [39,40] allows to calculate the output operator &, in terms of input
operators. As a first step, we use the first order of the Baker-Campbell-Hausdorff-formula together with the definition
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fx(Q) = — [ KX(Q, o)v(o)do, £1(Q) = [ J*(Q, 0)v*(w)dw to find
. . o) 00 . N
Ui a,On = a, + / FE(Q)agdQ + f F1(akdQ = &, + Oxax + 6,a). (B4)
0 0

We normalize the operators ax and a,, defined by fx(€2) and f;(2), using

172 1/2
O = ( / |fK<s2>|2dsz> , 0= ( f |f1<sz)|2ds2> : (BS)

By defining 0 = ~/|02 — 67|, ¥; = 0,/6 and ¥k = 6k /60, we can find a unitary operator, which transforms the output mode
operator as

s cos(0)a, + sin(@)[Oxax + 04’ Ok > 6,
UNLvlaUUI\IIL.l = N . N ’ o : (BO)
' cosh(8)a, + sinh(0)[Vxax + l?ja‘,] Ok < 6y
Since the commutator
1 O >0
A At At A K ]
[ﬁKaK-i—ﬁjaj,l?KaK-i—ﬁjaJ] = {_1 0]( < 9] (B7)

corresponds to ¥xdg + U J&j being either a creation or annihilation operator, the unitary evolution in Eq. (B6) has to correspond
to either a beam-splitting or squeezing interaction. In both cases the first order of a Taylor expansion around 6 = 0 agrees with
the result obtained from the Baker-Campbell-Hausdorff-formula in Eq. (B4). Although the above argument only guarantees the
validity of the first-order unitary for small 6, calculations involving the second-order unitary suggest a large parameter range,
the first-order unitary holds valid [39].

By using p© and v as in Eq. (25) and comparing the input-output relation from Eqgs. (B6) and (10), we find F(w, Q) =
pd(w — Q) — 7K(Q, w) and G(Q, w) = 7J(Q, w), resulting in

1 1
f@= / F* (o, Qv(w)do = E[Mv(ﬁ) + gfx(m], (BS)
2 2 2vi v? s 2vp )
C={f, ) =u{v,v) + TRC(W, fx)) + ﬁ(fl(a fk)=pn"+ TRG((vaKD + v7Uk, (B9)
4(2) = é f oG (0. 20" (@) = Zfi(), (B10)
2
£2= (g9 = %(ff,fﬂ =022, (B11)

Therefore, the matrix elements connecting the input and output modes are

Folyi = Pl « 4 Y * BI12
[Pl = G S = 2 [ilar o)+ -t f)” (B12)
[Ginlii = (7, 8) = éw;,m (B13)

APPENDIX C: GENERALIZED BLOCH-MESSIAH DECOMPOSITION

In general it is not possible to decompose A using a Bloch-Messiah decomposition, since the matrix is not symplectic. For
this reason we introduce the generalized Bloch-Messiah decomposition (GBMD) based on the symplectic singular value-like
decomposition (SSVD) introduced by Xu [32,33]. In principle the matrix A could not be full rank, if for example the overlap
between one input mode and all modes f;(w) and g;(w) is zero or the other way around. However, this transformation is trivial
and will be excluded here. We therefore assume AQAT is nonsingular, i.e., rank(AQAT) = min(2M, 2N).

First, we consider the case with more input modes than output modes N > M. The SSVD then states that there exist a

decomposition
o (Zr 0 0 0\, (2% O0)\(Iy 0 0 O0\,_
A—0R<0 0 Xz 0>SR—0R<0 2R>(O 0 Iy O § = APrSr €D
with Og € R?M*2M orthogonal, A = Ogdiag(Zg, Zg) € R?M*2M regular, Xy positive diagonal, Sz € R?¥*2V symplectic and
Pr projecting from 2N dimensions to 2M dimensions. By defining r ing = PRSRf‘ in = (Keff,1, - - - » Xeft. M, Deff 1> - - - » ﬁeff,M)T the
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input-output relation in Eq. (10) can be recast into
Fou = Al + BT 1, (€2)

which now only includes the first 2M quadrature operators and the orthogonal modes in r..
Second, we assume more output modes than input modes, i.e., M > N, and decompose

. 5 0 0 0 5 0\(ly 0 0 0 .
A" =0, S, =0y S =AP.S; (C3)
0O 0 X O 0 XL 0 0 Iy O
with Op € R?V*2N orthogonal, A = O, diag(X;, £;) € R?V*2V regular, ¥, positive diagonal, S; € R***?M symplectic and P,

projecting from 2M dimensions to 2N dimensions.
Together we can write

A = STPIAP:Sk (C4)

with either S, =P, =1 for N> M, Sgp=Prs=1for M >N or Sy =P, =Sg =Pr =1 if N =M. In all three cases, A €
R2*2k with k = min(M, N) is regular and we call Egs. (C1) and (C3) the generalized Bloch-Messiah decompositions. An
algorithm to compute the SSVD can be found in [33], and in the next section we will present an example of the GBMD for one
output mode and N input modes. In the version we present here, ¥z might not be positive definite, which does not matter for our
purposes here, since ¥ will be absorbed into A anyways.

1. Example of the generalized Bloch-Messiah decomposition with one output mode and N input modes

If we assume one output mode, M = 1, and multiple input modes, N > 1, the matrix A generally takes the form
[ ] [} [ ] “ee | [ [ ] [ ] N
A_<o o o |o o o )’ ©3)
with e marking the (possibly nonzero) entries of the matrix. Following Xu [33], we can use the symplectic Housholder
transformations U, U,, U = U,U; acting on the second row of A, and symplectic Givens rotation Ok (in the order U}, Og, U,)

to transform the matrix A. First, U, eliminates A, to Ay, than O} eliminates A,; and lastly U\ can be used to eliminate Ay 1)
to As2n), since Ay to Ayy is already zero, resulting in

T - L] L] [ ] | [ ] [ [ ] _ R“ R12 | R13 R14
ORAU—<0 00 .| 00 >—( 0 0 [Ry 0 ) (6)

Since Ry3R;; might be negative, one can follow [33] or in this case we can use s = sign(Ry3R;;) and multiply Eq. (C6) from the
left with ()’ ?), which will later be absorbed into 4. With R3R;; being positive, we can define the symplectic matrix

VR3/Rii  —Ri/Rii —Rl/VRiRs  —Rus/Ri

0 I —RT,/JR{IR 0
S;'=U ta/ VR1Ros . (C7)

0 0 ~Ri1/R23 0

0 0 —R},/~/Ri1R» I

Using g = +/R»3R;; we obtain the GBMD
_ s¥g 0 ... 0 O ... _

A—OR( 0 0 ...|%x 0 ... )SR—APRSR’ €8
with A = OR(S%R EOR) and Pp = ( (l) 8 = I (]) 8 ——). It should be mentioned, that the phase-space basis obtained

from PRSRfin, might be squeezed. To undo the squeezing, we can calculate the effective squeezing parameter using reg =

In(~/ vazl [Sr11;/ v vazl [Sr13;) and multiply Sk from the left and A from the left by the respective squeezing or anti squeezing
of the first mode.

APPENDIX D: QUANTUM STATE INPUT-OUTPUT RELATION IN PHASE SPACE

To calculate the Wigner function of the output state we use the charactersitic function of the initial quantum state p with some
modes occupied by the quantum state and the rest in a vacuum p = pj, ® |0) 1 (0]. Using Eqgs. (10) and (C4) the characteristic
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function can be rewritten as
Xou(B) = tp exp (—iT5,QuB)] = tlp exp(—ilATs, + BF 1" Qup)]
= ttlpin exp(—ilAT1s " 240 )111110) 1 (0] exp(—il BT 17201 )]
= ] pin exp (=il PeSkTin] "AT 21 PLS] ' B) ]tr110) L (O] exp(—iTT BTy B)]. D1)
Therefore, the generalized Bloch Messiah decomposition in Eq. (12) allows us to find a mode basis for which we can use the

reduced state Pin s = tr(pin) of the K = min{N, M} modes and the trace over the last N — k modes in Sglin. Thus, only the modes

in f‘in,s = PrSr f‘in are relevant to the output quantum state. Furthermore, we define BS = PLSZIB and Be containing the M — k
modes in Szl B but not in BS. Thus, we have

Kou(B) = tr] pins exp (—ilT AT, B)]tr{]0) L (0] exp(—iT'T BTy B). (D2)

From here on we will drop the index of €2, the dimension of which is implied by the context. By defining A=QTATQ (A= A"
if A is symplectic) and B = QTBTQ we can write

Xou(B) = tr[ pins exp ( — il (QAB;) [tr[|0) L (O] exp(I'] QBB)]
= Xins(ABs) Xvac(BB), (D3)
with
Xvac(BB) = exp (—i[éﬁféﬁ) = exp (—iBTQTBmTBTQB) = exp (—iBTszcovBszTB> = xz(B) (D4)
and covy = BBT. We decompose 7TQB = yTQB. + 7IQB, and BTQcovsQTf = BI2covi QT By + BT Qcovin QT B +

,BST Qcovth,seQT,Be + /BCT Qcovlh,eeQT,Be and using that covg is symmetric we can solve

[T [ S o S - _
/ L oxp (i @B — J[BIQcovine Q7B + Bl Qeovin QT Be + Bl Qcovinee QT Be])d* M1 B
R2M-L)

(4 > M—L) 17 —1 T3 | =T —I T3 =T -1 5
= W exp 7 By S2COVih,5cCOVyp . COVines§2™ Bs + 17, COVyy  .COVines 2 Bs — ¥, S2covy . Ve |- (D5)
th,ee

th,ee
invertible, such that A~ = QT(A~")TQ, we can calculate the Wigner function of the amplified state,

Wou (V)

This motivates the definition cOVgchyr = COVihss — COVih eCOVyy . .COVines ANd Yochur = covth,escovl;lee?e. Since A is regular and

1 2T D A\ A2M 2T 1"T T3 T\ 12M

= Qn /Rm exp(iy " §2B) Xou(P)d™ B = Gy /};w exp <1y QB — 7B QeovpQ' B Xins (AB)A*M B
L o 1. . -

= [(27)2M+D) det(covi ee/2)] 2 fR , &XP <1[ys + Pschurl 2B — Zﬂf QcovschurQTﬁs> Xins(ABs)d* By

i - s 1 . JoN - JoN N
= [(27)*™*D) det(covinee/2)] 2 / exp (im + Psehur] QAT ABs — Z[A—lAﬂSJTQcovschurszTA—'Aﬁs)xin,s(AﬁodZLﬁs
RZL

= [27)*M+D) det(covip.ee/2)] 7 / exp (im + Pschur "QRA™ B — 133 [AIJTszcovschurszTAIBs> Xins(Bs)dE B
|det(A)| R2L 4

=[27 ML) det(covinee/2)|det(A)*] 2 /R _exp (i[A‘1 {Ps + Pochur}] "2 — %BJ QA"covschur[A—']TszTBs) Xins (Bs)d? Bs.

(D6)

By defining

- 1- -
G(7) = [(27)* ™D det(covipee/2)|det (A)*] 2 / exp <1775T9ﬁs -5 QAlcovschur[Al]TszTﬂs)d“ﬁs
R2L
= 2M127)*M~2D) det(coveehur) det(covth,ee)]_% exp (—?ST.ACOVS_C:]M.AT *S) (D7)
and

VVin,s()_}s) = W /]I;ZN exp (i)_}sTQBs)Xin,s(Bs)dZL,Bs, (D3)
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the output Wigner function is a smoothed out and transformed version of the input Wigner function,

Wour(7) = Wins * G)(A™ [P + Pschur])- (D9)

1. Fock states

Let us assume an n-photon Fock state in the first mode, then the characteristic function is

exp(—iFB) = exp(—ifp +ifyt) = exp [%mﬁ —a)+ \%ﬁp(a* + a)]
= €Xp [%(ﬂx + I,Bp)&Jr - %(IBX - lﬂp)&i|s (DIO)

ie, o = %(ﬂx +iBp). This allows us to apply the known formula for the characteristic function of the Fock state [59],

Xin(B) = (nlexp(ad’ — a*a)|n) = Ly(ja|*)e™*> = L,(||BII/2)e 1FIP/4, (D11)

and by inserting the charactersitic function of the Fock state into Eq. (D9), we obtain the output Wigner function

12 5 o 5
Wou(7) = (—ZﬁTszzA‘covB[A‘]TQEﬂ + i[A1)7]T92,3>Xin(ﬂ)d4,3- (D12)

1 o0
(27)?|det(A)) /_oo P

Using the SVD A~'covg[A~'|" = 0,é.¢] + 0,¢,¢,, defining A™'y = yé, + z¢, and integrate over B = xé, + pé,, we find the
output Wigner function,

_ 1 *© 1 1 . .
Wou(¥) = G P 1detA)] //700 exp (_Z(Ux + Dx? — Z(Gp + Dp* +iyp — IZX)Ln<

2 2
exp (=557 — o1 i —1\" 1,( =22 1\ =22
_ o — ) Z(ax )L; 2>( : )(a ) (=2 o)
m|det(A)ly/(o, + 1)(o, + 1) 2= \ox + 1 o2—1)\o,+1 o2 —1

If o, = 0}, =: o the output Wigner function corresponds to a ensemble of Fock states with different photon occupations,

dr 22 1 o —1\' oo =22\ b =27
W (V) = ot L,* L’
out(¥) (0—}—1)6 + (2n)2|det(A)|<a+1> Z (02—1> n-m\ 52 _ 1

m=1

1 —1\" ATp| ATP|
_ N (AP o (AP, (D14)
m(o + 1)ldet(A)| \o + 1 o2 —1 o

2. Gaussian states

)62—i-p2

)dxdp

For the case of Gaussian input state, the convolution in Eq. (D9) can be solved, since the convolution of two Gaussians is
again a Gaussian. Starting from the characteristic funtion of the reduced input state,

Xin,s(B) = exp (_iBTQCOVin,sQTB)’ (D15)

we find the output Wigner function,

Wou(7) = [(27 M0 det(covipee/2)|det(A)|*] 2 / exp {i[Alm + Pschur)1 T 25
R2L

1. o
- ZﬂgQ(A_lcOVschur[A_l]T + COVin,s)QTIBS}d2Lﬂs

= [ M det(covth,ee)|det(A)|2 det(A_ICOVschur [A_I]T + COVin,s)]_%
X eXP{—[Afl(?s + ?schur)]T(A71COVschur[-Ail]T + COVin,s)ilAil(]_)s + ?ﬂchur)}

= [ det(covi.ee ) det(COViepur + Acovin o AT)] 72

X eXP(—[Vs + VSchur]T{COVSChur + ACOVin,sAT}_l [)75 + ?schur])s (D16)
with a covariance matrix Covyy = COVschur + Acovin,sAT and a displacement in phase space of (f‘out) = —Yschur- If the number

of input modes exceeds the number of output modes, i.e., N > M, the output Wigner function simplifies to

Wou (7) = [ det(covp + Acovine AT)] ™7 exp[—7 T (covg + Acovine AN ' 71. (D17)
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