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Coherent states of photonic dimers
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The concept of coherent states of single photons is generalized to the scenario wherein the fundamental build-
ing blocks are entangled two-photon states rather than single-photon states. To provide a concrete discussion,
the case of photonic dimers (two-photon bound states) is explored. The coherent states of photonic dimers are
defined. The correlation functions are calculated and expressed in terms of series expansion which is suitable for
computational investigations. The quadrature properties and the squeezing effects are computed and compared
with the experimental results at suitable regimes. Finally, the statistical properties of the coherent states of
photonic dimers in the BEC and BCS limits are investigated. The correlation functions are shown to exhibit
a BEC-BCS crossover behavior when the two-photon pairing correlations (i.e., the size of photonic dimers) are
comparable to the average spacing between the dimer pairs.
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I. INTRODUCTION

Photon-photon correlations have long been recognized to
play a fundamental role in the concept of optical coher-
ence [1]. Techniques for both generation and manipulation
of various types of interphoton correlations at few-photon
levels have advanced rapidly in the past decades and photonic
quantum technologies, in particular, are expected to provide
extraordinary applications in quantum information science
[2,3]. At a separate forefront, the developments of masers and
lasers have led to the generation of coherent electromagnetic
radiation in a wide range of frequencies, wherein an ensemble
of single photons are made to work coherently. To date, the
laser remains the dominant coherent many-photon quantum
light source. Nonetheless, it is of its intrinsic interest to dis-
cuss the possibilities of new many-photon quantum photonic
states becuase laser light represents only one of the simplest
forms of possible many-photon quantum photonic states. Such
new states, if they exist, in addition to enabling unprecedented
applications in quantum information science, will also shed
light on our understanding of the collective behavior of the
quantum nature of many-photon systems [4].

In recent years, the bound states of light quanta were
theoretically proposed in engineered nonlinear optical media
[5-10], and have since been experimentally confirmed in ul-
tracold atom systems [11,12]. The simplest realization of the
photonic bound states is a two-photon dimer. Inspired by the
remarkable optical properties of lasers and the penetrating
insights into the role played by photons in the description of
light beams offered by the coherent states [13], the present
paper is devoted to investigating the scenarios of a different
type of coherent many-photon quantum light source which,
instead of single photons, outputs a coherent state of photonic
dimers, and to the optical coherence properties of the photonic
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dimers. We do so by first describing the generation of the
coherent states of dimers from an idealized quantum optical
system, which consists of a pumped spontaneous parametric
down-conversion (SPDC) crystal in a resonant cavity, and the
consequences of certain assumptions about their properties.
We then provide a comprehensive discussion of the quan-
tum statistical properties of such coherent states. Finally, we
discuss, from a theoretical point of view, the generalizations
of the coherent states of dimers when the overlaps between
the dimers are varied via the controlled parameters of the
system. In particular, we discuss the two limits which are of
great scientific interests, namely, Bose-Einstein condensation
(BEC) and the Bardeen-Cooper-Schrieffer (BCS) limit, re-
spectively. In our approach, the field of light quanta is treated
fully quantum mechanically while the pumping field is treated
classically. We construct the evolution operator of the system
and calculate the state of the system at the large-time limit for
the case when initially the system contains no photons. We
show that the final output state is a coherent state of dimers
when certain conditions are met. As a partial assurance, we
also apply the same approach to a collection of classical oscil-
lating dipoles in a cavity and show that our approach yields the
desired final output state as a coherent state of single photons.

This paper is constructed as follows: Section II intro-
duces the properties of a photonic dimer and defines a set
of operators to describe the photonic dimer as an entity.
In this section, it is also shown that photonic dimers ex-
hibit bosonic nature under the so-called condensation limit.
Section III introduces the basic Hamiltonians and discusses
the generation of single-photon coherent states from oscil-
lating dipoles. We detail our approach in diagonalization
of the Hamiltonian and describe the steps in construct-
ing the evolution operator and calculating its large-time
limit. We then apply the approach to the case of single-
photon lasers. Section IV describes the generation of the
coherent states of photonic dimers. Section V provides a
detailed calculations of the correlation functions. In Sec. VI
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we discuss the quadrature properties of the coherent states
of photonic dimers. In Sec. VII we estimate the experi-
mental conditions for creating the coherent states of dimers.
Section VIII discusses the statistical properties of the co-
herent states of dimers in the BEC and BCS limits. Finally,
Section IX summarizes the work of the coherent states of
photonic dimers. Several aspects of the approach presented
in this work are considered; in particular, the time-ordering
effect, the undepletion assumption, and the comparison with
the input-output formalism and the quantum Langevin ap-
proach are discussed.

II. BASIC PROPERTIES OF PHOTONIC DIMERS

Photons, despite being electrically neutral, have been
shown to form bound states wherein the relative wave function
between any two photons decays exponentially when the in-
terphoton distance increases [8§—10]. The simplest realization
of the photonic bound states is a photonic dimer consisting of
two entangled photons and is mathematically described by the
following two-photon wave function [8,9]:

r i (X 4x2)— o= X1 —x2 | A% At
|B,) = 1/m/fa’x]dxze g (b= et (et (n)19).
8
(1

The relative wave function is described by the exponentially
decaying term exp(—nglxl —x2]) in Eq. (1), with a spatial
width of v,/T", which gives rise to photonic bunching behav-
ior. It follows from the form of the relative wave function that
the two photons are energy anticorrelated. When the photonic
dimer is formed via interacting with an intermediary two-
level atom, I' is the reciprocal of the spontaneous emission
lifetime of the atom. The center of mass degree of freedom
is described by the term exp[i zivg(xl + x,)], where whi denotes

the total energy of the two-photon state. v, is the group veloc-
ity of the photons. ¢'(x) is the creation operator of a single
photon at location x and ¢(x) is the adjoint single-photon
annihilation operator, following the bosonic commutation
relation [é(x), &7 (x')] = 8(x — x'). |@) is the zero-photon vac-
uum state.

Figure 1(a) plots the modulus of the dimer state,
[{(x1, x2|B,,)|, which distributes uniformly along the diagonal
axis x; = x, and decays exponentially away from the diagonal
axis. A time scale metric, namely, the correlation time of
a photonic dimer, is defined as 1/2I" to characterize such
time difference of detecting two photons of a photonic dimer,
which provides the information of the width for |{(x;, x2|B,,) 12
Thus a larger I" yields a shorter correlation time and corre-
spondingly a shorter temporal spread of the dimer relative
wave function.

The formation of individual photonic dimers has recently
been demonstrated in ultracold atoms [11] and has the poten-
tial to open up new possibilities for nonlinear quantum optical
physics. For example, the unusual temporal and frequency
entanglement properties between the constituent photons in
photonic dimers endow multiphoton excitation processes with
the enhanced efficiency necessary for many scientific and
industrial applications, including three-dimensional optical
memory [14], sensitivity enhancement in the molecular Stark
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FIG. 1. (a) The modulus of the dimer state, |(x;, x2|B,)|. The
distance between grid points equals v,/I". The maximum of the
plot is normalized to a value of 1. (b) The relative wave function
of the dimer. The full width at 1/e equals v,/T". (c) Single-photon
frequency spectrum in a dimer. The full width at half maximum
equals I'.

effect [15], coherent quantum control of multiphoton tran-
sitions [16], and quantum biophotonics. By exploiting the
energy anticorrelation and the temporal proximity between the
constituent photons in the photonic dimers, it has been shown
that the two-photon excitation efficiency of a fluorophore by
photonic dimers can be improved by orders of magnitude
[17]. It is of great interest to go beyond the individual-dimers
regime to investigate the scenario when the optical excitation
is a coherent states of photonic dimers.

Before we embark on the development of the theory of
an ensemble of photonic dimers, in the following section we
digress momentarily to discuss the theory of an ensemble
of single photons so as to introduce the machinery and the
notations that are used later.

III. GENERATION OF SINGLE-PHOTON
COHERENT STATES

In the semiclassical treatment of the light-matter interac-
tions, light is described as a classical Maxwell field while
the medium is described as a collection of atoms whose dy-
namic evolution is governed by the Schrodinger equation. The
semiclassical theory is sufficient to describe a rich variety
of phenomena. However, questions regarding the quantum
nature of the optical field, e.g., the photon statistics and
linewidth of the output optical field, require a fully quantized
theory of the radiation. For example, the density-matrix for-
malism and the Heisenberg-Langevin approach are developed
as the full quantum theories of a laser [18]. Nonetheless, the
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FIG. 2. Schematic of single-mode cavity system. The cavity
mode & is coupled to the free-space modes é; with the coupling
strength V.

complexities of these full quantum theories make it challeng-
ing to investigate the various single- and two-photon processes
in the atomic medium. In the following, we develop a phe-
nomenological theory to describe the generation of the photon
field in a real-space formalism. One feature of the effective
theory is that the medium is treated classically as a collection
of oscillating dipoles while the optical field is fully quantized.
We start with the full quantum theory for the single-photon
processes and derive the effective Hamiltonian to justify the
approach. Similar approaches have been employed in describ-
ing the parametric amplification and squeezing via nonlinear
optical processes [18,19].

A. Single-mode cavity without the gain medium

Our starting point is the Gardiner-Collett Hamiltonian
[20,21], which describes the case when there is no nonlinear
medium but only discrete cavity modes coupled to the contin-
uum of modes of the output (hereafter we restrict ourselves to
the single-cavity-mode case with a mode frequency wy):

Hy = hiwpd'a+ h / dnnéle, +h / dn(vVa'e, +V*ac)),
2

as shown in Fig. 2. In this Hamiltonian, & (&") is the anni-
hilation (creation) operator of the cavity-mode photons with
the frequency wy. The output channel here is treated simply as
free space, with the mode annihilation (creation) operator of
frequency n defined as ¢, (6;). The coupling strength between
the cavity mode and the free-space modes is denoted V.

The coupling creates a linear superposition between the
cavity photons and the free-space photons. Taking into ac-
count of the superposition, Hy can be diagonalized in terms
of the dressed operators which incorporate the superposition
states of photons [22]. To proceed, the diagonalized H is
assumed to follow the form:

Hy = / do hoAT(0)A(w), (3a)

A(w) = a(w)a + / dn B(@, n)éy, (3b)

where the dressed operator A describes the linear superposi-
tion, and o(w) and B(w, 1) are the coefficients of the cavity
and the free-space modes, respectively. After imposing the

following commutation relations:

[A(w), Hy] = hwA(w), (4a)
[A(w), AT()] = §(w — &), (4b)

the coefficients @(w) and B(w, 1) can be determined as

V*

- 5
©—wo+in|V]? (52)

a(w) =

1
Blw,n) = [|V|2P— + (@ — wp)d(w — n)}
w—1

1

_ 5b
w—wy+ir|V|? (5b)

where P denotes the Cauchy principal integral. Moreover,
using the fact that the mode operators & and ¢, commute,
the cavity mode operator can be expressed in terms of the

diagonalized operator:
a= f do o*(@)A(w). (6)

As shown below, Eq. (6) plays an important role in deriving
the quantum optical states of the interacting system.
The effective cavity mode strength is proportional to

la(w)]* = Ve
(w0 —wp)? +72|V*

Compared with the classical result where in the mode strength

1
X
(1 — r)2 4 4rsin®(kL)

(r is the reflection coefficient of the semitransparent mirror),
the coupling strength V can be expressed as AB = 2|V |*> =
2[(1 — r)*c?)/4rL?, so that V = %e@, in the good cavity
limit (i.e., high Q factor). This also yields directly that the
transmission coefficient |T'|?> = (2L/c)2x |V |?, which is also
given in Ref. [23].

It is often advantageous to describe the output photons in a
real-space representation:

1 ©
/ dx e* et (x), (7)
TV J—o

&=

! 2

where n = v,k,. The real-space Hamiltonian for single-mode
cavity case is

N o0
Hy = hwod'a + h/

—00

dx(—ivg)éT(x)aié(x)
X

+h / ” dxVs(x)[ef(x)a + atew)], )

oo

where &' (x) is the creation operator for a right-going photon at
position x. Here §(x) indicates the photon generation position
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FIG. 3. Schematic of single-mode cavity with the gain medium
system. The cavity mode &' is coupled to the gain medium which
is treated as a collection of dipoles oscillating at frequency €.
The dipoles are resonant with the cavity (2 = wy). The cavity-gain
medium interaction is described by Eq. (11).

(position the semitransparent mirror of the cavity) is xo = 0.
The configuration is effectively a chiral system where only
one-way propagating photons are allowed [24].

Hy can also be diagonalized by A(w), which now takes the
following form:

Aw) = a(w)a + f dxB(w, x)é(x), 9)

J

Writing H,,,. in the interaction picture and using Eq. (6):

H(t) = ei™ g, e i

o0
hx/ dwe " o* ()A(w) + Hoc.

o0

= fix / dcoem’_i“”<|a(w)|2&+ / dna*(w)B(w, n)é,

o0 —00

(w — w)V

where
V*
2(@) = —————
w—wy+im|V|

B( ) 1 —ieox/v O) + w—wy—inV?
w,X) = ——e¢ 1 Ox)+ ——m8m 9 ———
2w ®— wy+irV?

@(—x)].
(10)

B. Single-mode cavity with the gain medium

When the gain medium is embedded and is pumped far
above threshold, the atoms behave as dipoles oscillating at the
pumping field frequency €2, as depicted in Fig. 3. Such an
approach has been employed in the literature; we also provide
a heuristic derivation in Appendix A. In this regime, the inter-
action Hamiltonian describing the gain medium-cavity photon
field is given by the following effective form:

Hye = Blxe™a+ x*e a'], (11)

where x is the Rabi frequency and the dipoles are resonant
with the cavity (2 = wy).

) +H.c.

h /00 d iQt—iwt( |V|2 ~ +
=hx we a
. (0 — wo)? + 2|V |+

o) 2
. v
Cot d P
(@ — wo) + T2 V] /_oo -l +m2 VP o—n

6,,>+H.c.,

(12)

which governs the system dynamics of a laser cavity containing pumped gain medium. At the large-¢ limit (# — 00), the system
reaches a steady state; thus we shall be interested in the same limit of the evolution operator U () = e~ 7 Jod'H @) especially the

exponential term:

1

(0 — w)V

1—>00 — 00

. t . 00 e*i(wfﬂ)t -1 |V|2
lim —— f di'By(¢') = lim —ix [ do— < s a
i Jo t —o0 —i(w — Q) \(0—wy) +7m2V*

Co
(0 — wo)* + 2|V |4

+/-oo |V|2
o= + 22 VR 0 -1
X . ix
—_ +_
VRS T vl T Ty

X .
a—

=—i

The first three terms in Eq. (13) correspond to the cavity mode,
the output free-space mode at the cavity resonance, and the
cross-talk to other weaker free-space nonresonant modes due
to interactions. Together with the complex-conjugate terms,
the evolution operator at the large-¢ limit thus has the form of
the product of the Glauber displacement operators of the cav-
ity mode and the free-space modes, which can be symbolically
represented as

lim U(t) = D@n,D(,), (14)

vV
¢, | —Hec.

o 1
/ dn P ¢, — He. (13)
—00 wo — 1

(

where 7 includes both resonant and nonresonant frequencies.
It follows immediately that when the initial state is a vacuum
state, the steady state which the system evolves into is a
product of the coherent states over the cavity mode and the
free-space modes. By using a suitable filter, the output field
contains only the resonant mode

¢t | ) (15)

which is a coherent state with an average photon number of
IX/VI2.
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FIG. 4. Schematic of single-mode cavity with the SPDC nonlin-
ear crystal system. The cavity mode &' is coupled to the gain medium
which is treated as a collection of dipoles oscillating at frequency w,,.
The cavity-SPDC interaction is described by Eq. (16).

As has been shown above, the approach of treating the gain
medium as oscillating dipoles and the optical field quantum-
mechanical reproduces the well-known results for an ideal
laser operating above the threshold. We also note that a semi-
classical approach of the same spirit has been employed to
show that the radiation emitted by a classical current distribu-
tion is a coherent state of single photons [25].

In the following, we apply the same strategy to the genera-
tion of the coherent states of photonic dimers.

IV. GENERATION OF COHERENT STATES
OF PHOTONIC DIMERS

The prerequisite of the generation of coherent states of
photonic dimers is a gain medium that produces dimers. To
date, although efficient generation of individual dimers has
been suggested [17], a medium that generates an ensemble of
dimers has yet to be engineered. Nonetheless, many electronic
transitions lead to the generation of correlated photon pairs. In
this section, we show that, under certain conditions, an optical
cavity can shape the optical spectrum of the correlated photon
pairs and creates coherent states of photonic dimers.

Specifically, here we describe a mechanism to generate
coherent states of photonic dimers using a degenerate type-0
spontaneous parametric down-conversion (SPDC) nonlinear
crystal in a single-mode resonant cavity, as depicted in Fig. 4.
In the configuration, both the pumping light and the SPDC

J

A i B, v 0 _iH0
Hi(t) = TooLle e’ ‘atate™ ™! + H.c.

photons are blocked by the left wall of the cavity and can
only pass through via the right wall. The configuration and
operating scheme is equivalent to the optical parametric os-
cillator (OPO) scheme where the parametric down conversion
process takes place inside a cavity and the optical gain is from
parametric amplification rather than from stimulated emission
of radiation. The oscillation wavelength is determined by the
phase-matching details, which offers the potential for wave-
length tuning with extremely wide tuning ranges.

The degenerate collinear SPDC Hamiltonian in a single-
mode cavity is given by [26,27]

ﬂSPDC = Z I"k,kah(LAk,kr)e_"‘”"’&,t&; + H.c.
k. k'

=TooLe ™"a’a" +H.c., (16)

where the summation of k represents the photons with differ-
ent momentum generated in the nonlinear medium. Here the

parameter I'y ¢ = ExEp2meg X(Z)EOA, where

.| hog
Ek =1
2¢e9n?V,

is the electric field of generated photon state, V, is the volume
of the cavity, n is the effective refractive index of the non-
linear crystal for SPDC photon pairs, h(x) = (1 — e™%)/ix,
and Ay g = k, — k — k’ is the momentum difference between
pump photon and the sum of two degenerate SPDC photons.
In the single-mode cavity scheme, h(LAy ,—) =~ 1. g is the
parameter when both signal and idler photons have the same
frequency wy. The pumping light is treated as a classical op-
tical field with an electric-field amplitude E, and a frequency
w, = 2wyp.

Below, we solve for the output states using both the inter-
action picture and the Schrodinger picture.

A. The interaction picture of the photonic states

In the interaction picture, the SPDC Hamiltonian becomes
(the SPDC subscript is omitted)

= Fo’()L/da)ldwze_iw”t+iw]t+iwzta(w1)Ot(a)z)AAT(a)l )AT(G)z) + H.c.

= FO,OL/dwldw2e_iw”l+iw]t+iwzt‘x(wl)‘X(CUZ)I:OI*(CUI)aT +/dn1/3*(w1, ’71)5;1}

x [a*(wz)eﬁ + f dmB* (w2, '72)5?}2} +H.ec, (17)

where a(w) = V*/(w — wy + in|V[?), B(w, n) = HVPP%—n + (0 — w)8(w — )](w — wy + im|V|*)~'. The optical state of
the system in the interaction picture is

[y = Tem i o Bt gy (18)

where |}, is the vacuum state with zero cavity-mode photon and zero free photon in the interaction picture. The time-ordering
operator 7 takes any product of operators and changes the order so that operators with a later time variable are placed to
the left. As the Hamiltonians at different times in general do not commute, the time-ordering operator cannot be neglected.
Nonetheless, retaining the time-ordering operator greatly increases the computational complexities. In the following, we omit
the time-ordering operator and discuss the limitations and validity of the results thus obtained in Sec. IX.
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Following Eq. (17), there are three terms in the exponent
(1) The first term contains only the cavity-mode operators,

i o0 e, L
-7 / dr’[ro,oL / dwydawye™ ™ T g ()] a(wy)*aTat + H.c.] =—
0

— L[ A

fa' — £*aa,

19)

where & = —i(I'g,0L)/27 iV2. This term represents a two-photon coherent state.
(2) The second term contains both the cavity-mode operator and free-space operator,

h

— H.c.

.FO OL 1 (— +
=i— dn a'¢) —Hce. =
ThV n — wy + irV?2 “n

where

i TooL
=

i .
i / ' ToalL [ dondane oo st {Ia(wl)l a(@s) [ dnsp(@n mae], +la@a)Paton) | dmﬂ*(w,,m)a*é;l}
0

/ dnf,a’¢] —He., (20)

1

(3) The third term contains only the free-space operator,

~.

ThV § —wo+ inV?2’

o0
/ dt'Ty oL/dwldwze"“’"’ +""”+‘“’2’a(wl)a(wz)/dmdnzﬁ (@1, n)B* (@2, m)E} &F —Hec.
0

ni —w0+171V2

i i N 1 o ot e
— ¢l el —He.
' m—wy+inV2  2gVZ]mm

21

[

oL v?
el KL . |

h (m —wy — iwV2) (2 — wy — inV?)
1 .
X | w8 + n — w,) +iP —

|: ’ N +n—wp

= fdnldn2¢ﬂ1 7]2 ;I“ Allz - H‘C'a
where
To.0L v?

Oy = —1 -
e i (i —wy —inV2)(n

i i

— Wy — i7TV2)

w8(n + n — w,) + iP
[ ! m -+ —

N — wy +inV? B

Combining the three terms together, the state of the system
can be written as

[Y) = eE&-;’a-;-Jrfdﬂfn&-;c\+fd771d712¢n1 € ,,] ,,2 —Hec.. %),

= Fipy,, (22)

where FT =¢afal +fdnfneﬁe; + [dnidnagy, e & .
Here [@, 471 = 1 and [, C ',] = 8(n — n’). Due to the second
term, the system cannot be separated as a product of the cavity
mode and free-space mode. In other words, the cavity-mode
photons and free-space-mode photons are entangled and
cannot be written as a product state.

Nonetheless, the frequency representation of the state, as
shown above, masks some important information regarding
the entangled term between the cavity-mode photons and free-
space-mode photons. By Fourier transforming the state into
the real-space representation, it is shown that the amplitude of
this entangled term f; decays exponentially, which indicates

Ny — wy + imrV?2

1
+ 271V2]'

(

that the photonic state described by this term is spatially
localized in space.
. : N ikyx AT
The Fourier transformation ¢ Ne [ dxe™*e (x)

gives rise to the following commutation relations:

[e(x), ¢T ()] = 8(x — X)),

. 1 . o
(6,80 1= / dxdx' etk ¥ [2(x), 7 (x)]
K 21,
1 o
— dxe l(k,, k,]r)x
2mv,
=8(n—n").

Thus, in the real-space representation, the state is given by
) = ga a'+[dnfyatel+ [ dmdnady, ¢ ,,1 ,,2 —Hec.. 7Y,
— 6’ cata’ +j dxf(x)ate (x)+fdx1dxz¢(xl x0)E (x)é (xa)—Hec.. |@>

(23)
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where

1 jo0
= 2cVe' ™
21,

/ dnldn2¢m,nzemlx1+mzxz

®( Xx), (24)

_ 1
@(x1, x2) = Y

8

iKV ‘“0(x1+xz)— IXI x|
® ® 25
. (—=x1)O(—x2). (25)

Detailed calculations will be discussed in Appendix C. Here
k = Ty oL/hV? is a real number characterizing the configura-
tion and will be discussed in detail later when we estimate the
values in experiment. Thus, the photonic state described by

bound state of the cavity-mode photon and the free-space
photon. The &'(x;)é" (x,) term describes a two-photon bound
state, or photonic dimers that travels afar, and the output
state in the interaction picture is a coherent state of photonic
dimers.

B. The Schrodinger picture of the photonic state
1. Frequency representation

To obtain a direct expression of the photonic state in
the laboratory frame, here we calculate the state in the
Schrodinger picture. It turns out that it is rather involving to
transform the state in the interaction picture, Eq. (22), to the
Schrodinger picture of the state. Here we employ the dressed
operator A [Eq. (3b)] that the diagonalized Hamiltonian Hy
[Eqg. (3b)] to get the final state in the Schrodinger picture. The
relation of the state between the two pictures yields

the a'¢¥(x) term is an evanescent wave that is localized to the W (t))s = —i%0t =4 [y i) i rzU’M)S’ (26)
wall of the cavity. This term can be regarded as a localized
|
where
Hy=nh / dwoA’ (w)A(w),
Hi(1) = ToL / dwydaye™ Tt g (4 Yo (wr)AT (w1)AT (w2) + Hee. (27)
The exponent of the time-evolution operator in the Schrédinger picture now becomes
Y 71'1:1— i ! ' (4 iﬁ AT A AT A
In[Us(1)] = e n"’(—ﬁfo dr'Hy (t ))e W =g%tat 4 fdr,f,faT s fdmdnzq&m nlh el —He., (28)
where
SS _ l-Kefingt fS _ _l-Kefthot \%
To2x I i n—wy—inV?’
¢S = ixV2e ! v’ 78Qwy — 1y — n2) + iP ! ‘
— wo + imV?) 200 —m1 —m  m —wy—inV?

i (n1 — wo +iTV2) (2

i 1
+ n — wy — inV? + 2nV2i|'

Thus the state of the system in the Schrodinger picture in the frequency representation takes the following form:

@) —exp[s”“ / dnfSatel + / dmdnagS & & — H.c}m. (29)

The details are provided in Appendix B.

2. Real-space representation

To better understand the state, we perform the Fourier transform c‘ =

the real-space representation.

f dxe™/:¢7(x)] to get the wave function in

\ /27{1}
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For the second term [ dnf;a*e]:
2iTg gLe !
/dnfns&Té; ~He = 02

V2mvgh

at / dxjeiwo(x/vg—t)—an)«f[l B e—an(t—x/vg)—an|t—x/vg|]@(x)é’r(x) — Hec.
\%4

=4’ / dxf3(x,1)é" (x) — Hec., (30)
where
Pty = 2, 0Le™ " /U TVER U] VA= o)Vl 0l @) )
' V2T AV
—iwpt
N Ve 0 G/vmD=TV @ (1) (1 = 00), 31)

V27,

The causality factor (¢ — x/v,) indicates that photons can only exist in the region behind the wave front. In the third line, as
we are only interested in the steady case, the large-f limit (f — o0) is taken. At the large-¢ limit, the wave function of the output
single-photon f3(x, 1) decays exponentially away from the cavity and becomes an evanescent wave with a width of v,/mV?2.
At time ¢t = 0, the amplitudes are zero at all positions, due to the causality factor ®(r — x/v,). At later times, the amplitude

at position x = 0% increases as f>(07,1) = j"—Le‘Zi“’O’(l — e727V’1) For any x, | f5(x, 1)]? becomes stationary at the large-
8

2w,
limit.

For the third term [ dnidn,¢;, , & &) in Eq. (B4):

ixkV? B NI S
f dnidnags & & —He. = — f dxdxye>™ o 7TV RR G (4 )@ ()2 (x))eT () — Hee

Vg

where
ixV?

Vg

eizwd%iﬂfﬂvzlxl 7X2|/vg@(x1 )O(x2).
(33)

In the above calculation, the large-¢ limit is also taken. ®(x)
factors are contributed by the last four terms of the wave func-
tion in the frequency domain. Figure 5 plots the probability
distribution of the two-photon dimer state.

¢;S(x1,x2, t) = -

—

[en}

(|(Fx 1) P pozIEWLION

FIG. 5. Spatial distribution of two-photon state |¢°(x;, x,)|>.

/ dx1dx,@5(x1, x2)&" (x1)éT (xp) — Hee., (32)

In the real-space domain, the state of the system is
[ (1))s = exp [ésa*a* + / dxf*(x, 0)ae" (x)

+ f dxi1dx,@° (x1, x5, 1)é" (xl)@f(xz)—H.c}m),

34
where
SS _ l'Ke—iza)()t
2r
—iwpt
f"S(x’ ) = 2kVe '™ eiwo(x/ug—t)—nvzx/vg@(x)’
V2,
V2 X 4x
F . 1) = — 2 PCRE DV g 1 @) ().

Vg

Since we are only interested in the region far away from
the cavity, the ®(x) factors in the two-photon term can be
neglected. After a sufficiently long time, the system tends
to be steady and the emitted two-photon state amplitude is
only a function of the distance between two photons. Writing
@5 (x1,x2,1) as ¢5(x1, xp)e~ 2" the spatial part of the wave
function of the two-photon part is

: 2

- KV i 12 _py2 il

¢S(x1,x2>=—v—e”"° e T (35)
8

which indicates that the output two-photon wave function is
exactly that of the photonic dimer.
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C. Coherent states of photonic dimers

From Eq. (B12), it thus follows immediately that at the
large-¢ and large-x limits (away from the cavity but is nonethe-
less subject to the causality condition t —x/v, > 0), the
spatial part of the stationary output state becomes

[r) = ef xidnd* i x)E @)t )—He. gy (36)

which is the coherent state of the photonic dimers. In the
weak-pumping limit, kV2/ v, is a small number, the state can
be expanded in a Taylor series where we keep the lowest
order:

) ~ (1 - f dxdxy¢° (x1, x2)¢" (x1)é" (x2) —H.c.>|@>,

(37)
which, apart from an additive term, represents a dimer state.
Using the normalized dimer state

A r i — =X —x;
|B.) = bT(w)|9) = /4 > /d)quze T ()= =1
nvg

x &' (x)et (x2)9)

[where (B,/|B,) = 8(i — /)], the state in Eq. (36) can be
written in the following compact form:

) = ePsb o) =Bibw0) gy (38)

where B = —i2kVe 2" and I' = V2. The coherent state
of photonic dimers is a superposition with even number pho-
tons. The expectation of the electric field (y|E* (x, £)|¥) is
zero for all positions and time.

V. CORRELATION FUNCTIONS

The correlation functions characterize the statistical prop-
erties of the optical fields. In this section, we calculate the

J

Oth order: ¢(x);

Ist order: [F — F

correlation functions of the photons in the cavity, and of the
coherent state of dimers [Egs. (36) and (38), respectively].

A. Correlation functions of the intracavity photons

The average intracavity photon number is

(Wmlataly @) = %sinh2 (f’{> + %Sinhz (\/EK>’

T
(39)

which exponentially increases with a strong pumping power.
This growth is expected to saturate when sufficient energy is
drawn from the pump so that the assumption of an undepleted
pump no longer holds.

B. Correlation functions of the coherent state of dimers

The unnormalized first- and second-order correlation func-
tions are given by

GV (x) = (¥le" x)e)ly)

= ICA‘(x)ef dxidxy @S (x1,%2)é" (x1)é" (x2)—H.c.. |4) |2

GP (i, x) =18 () (exe)ly)
— |@(X1 )é(xz)efdmd,vzqﬁ‘s(x] X)) (x)e (xp)—Hec.. |Q’> |27

(40)

where |y) is the coherent state of dimers given by Eq. (36).
To simplify the calculation, similar to the previous case, we
also define an auxiliary operator

Do) = ef Fe(x)el (41)

where FT = [ dx;dx,$5(x1, x2)¢" (x1)é7 (x2). Using the fol-
lowing formula:

o2
21
one then can _calculate each terms in the expansion of @.(x) in
the order of ¢S (x1, x2); the first few terms are given below:

¢““Be™** =B+ a[A, Bl + ——[A, [A,Bl]+---, (42

o] = / 1265 (x1, )8 ()

2nd order: [F — FT,[F — FT, e(x)]] = / dxz[ / dx [2(]35(x1,x2)]*2<5s(x1,x)i|@(x). (43)

Then the @.(x) operator is a combination between single-photon creation and annihilation operators. If we further define

oo
— L (g =21 |42 —x2 | [ X2 =3 |-+ |- —Xp|+|xp—x
F,,(xo,x)=/ dxy - dogye 5 o= RH bRl e )

o0

F_1(x0,x) = 8(x — x0),

where I' = V2, then &.(x) can be cast as

Vg

(n=20),

(44)

2n+1)! Vg

00 2n o0 2n+1
P20 (xo—x 1 2 V2 P20 (xo4-x 1 2 V2 &
@-(XO):/dx[e e )Z <K_> Foue1 (30, 0)8(x) + ie' s ™) E —(K_> FZn(XO,x)@'(x):| (45)
n=0 n=0

— (2n)!

= / dx[®(xg, X)E(x) + W (xg, )& ()],

(46)
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where

. 2wV
D(xp,x) =¢ i Go- )Z ) (v_) Fou_1(x0, x),
3

n=0

2KV2 2n+1
W (xg, x) = ie' Fog o) Z —) Fon(xo, X). 47)

n + 1)'< Vg

These series expansions, as we shall see below, not only enable a perturbative calculations in the weak-pumping limit, but also
an efficient computational means in the strong-pumping limit.
In terms of the auxiliary operators, the correlation functions are

G (x0. x4) = (21} (¥5) @ (x| = l/dXW*@&XTP@mXL

(43)
6V 00) = 9. = [ dxwen P,
G?(x0, x0) = 1Pe(x0)Pe (x0)19)
2
= } / dx[®(xo, X)E(x) + W (xg, X)& (x)] / dx'W(xy, x)e (x)|9)
2
= decb(xo,x)\y(xg,x) +/dxldx2|lll(x0,x1)|2|\IJ(x(’),x2)|2
—|—/dxldlell*(xo,xz)\ll*(x(’),xl)\Il(xo,xl)\ll(x(/),xz), (49)
’ 2 $rot 2
g(z)(xo,xé) g |f dxCD(xo,x)\l’(xO,x)| + |fdxlll (xo,x)\ll(xo,x)| (50)

(f dxIW (xo, 0)I7) (f dx|W(xg, 1)
We now apply these exact expressions to the weak-pumping limit and to the scenarios beyond the weak-pumping limit,
respectively.
1. Correlation functions in the weak-pumping limit

In the weak-pumping limit, the higher-order term of {.(x) can be neglected. Up to the order of «,

D(x, x) = 6(x — x0),

2 V Xo+x)—T—|xo—x
\I/()CO,)C)ZiK 0(0-5-) \0 |
Ug
N N .2KV2 i-9 2 [xo—x| A
@c(x0) = ¢(xo) + dxtv—e v vg ¢(x). (@28
g

Under this approximation,

Ak2V2 oy _oym 7V?
G(l)(xo’x(/)) — /dx‘lf*(xé,x)\l—’(xo,x) — > el ,,g(xo X0) vg |xo—xg| (1 + _le _x6|>’
aV Vg
4x2V?
GWm=/wwme= ,
T,

2
mmxrwﬁm“)m“0+ﬂlm—w>
v

8
UVEN® w2 V2 N\
G* (x0, xp) = ( ) e w o °|+( )2|: <1+—|xo—x0|) ,
Ug TV Ug
TV? P2 _a?y
gmmm@=1+[o+ vumﬁg)+aﬁ} e 0l (52)
8
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Thus the first-order correlation is a constant. The second-order
correlation is

2
P =1+ I:n— + 1+ JTV2|1:|)2]6_2”V2T|, and thus

42
(53)

7.[2

D0) =2+ —. 54

g7(0)=2+ e (54

In the weak-pumping limit, k < 1 so that (1 + 7V?|7])* K
7% /4K?,

T 2 2
@) =14 —e VI (55)

4i?
Omitting the (1 + 7V ?|7|)? term leads to a different g>(0),
but as 7% /4k? is a large number, this will only have a negli-
gible change to the result. In the weak-pumping limit, g (1)
is an exponentially decaying function from 2 + 72 /4« to 1
with a decay rate of 277V?2. Figure 6 plots g» () as a function
of mV?t for various values of k.

We note that the correlation functions are identical to
those of a two-photon dimer state |B,) in Eq. (1). That is,
in the weak-pumping limit, g®(7) exhibits the correlation
signatures of individual photonic dimers. The photon gener-
ation rate, the probability to find a photon per unit time, is

R= ng(l)(x) — V2 (see Appendix C for details), then the

T
second-order correlation function is

1 Izl
T, 56
2Rz, ¢ (56)

where 7., the coherence time, is the inverse of the bandwidth
7. = 1/AB = 1/27V?. The identical result has been reported
in the literature [28,29], albeit using a different approach. The
behaviors of the correlation functions are also in agreement
with recent biphoton experiments [30].

g =1+

C. Beyond the weak-pumping limit

For a pumping power that is beyond the weak-pumping
limit, all orders of ¥ must be considered. The series expan-
sion of the auxiliary operator @.(x) in Eq. (46) facilitates an
efficient computational approach, as detailed in Appendix D.
Here we present and discuss the numerical results.

-4 -2 2 4

FIG. 6. In the weak-pumping limit, g® () as a function of 7V %t
when « = 0.1, 0.07, 0.05.

1. Numerical results of GV (x)

Figure 7 plots G'V(x) of the coherent state of dimers as a
function of B, where 8 = 2«V?/T" = 2« /7 is a dimensionless
quantity proportion to the electric field of the pumping optical
field.

When g is small (<0.1), the numerical results are in
good agreement with that from the weak-pumping limit in
Sec. VB 1. In this regime, G'"(x) is proportional to 8 (i.e.,
proportional to the pumping power). When g is increased
further, G (x) increases exponentially (i.e., In G''(x) pro-
portional to 8), as shown in Fig. 7.

Figure 7 also plots GV (x)/ (U%) and 2ngyiy versus various
values of 8. When g is small (8 < 0.2), GOx) = 2U£ncavi[y.
The physical picture is that each dimer consists of two Shotons
and is released from the cavity in a timescale of 1/T". When
B is increased, GV (x) increases faster than 2nc,yity, although
both functions increase exponentially.

2. Numerical results of g% (xy, x})) function

Figure 8 plots the numerical g (xo, x;,) as a function of
,)L(Xo — x;) for various values of 8. When B is small, the
8

g function is in good agreement with that calculated in the
weak-pumping limit.

Figure 9 plots the numerical g® for increasing B (o the
squared root of the pumping power). When 8 is increased, the
qualitative behavior of g transitions from a pronounced cusp
peak (signatures of individual dimers) to a lower and rounded
shape. In the small 8 weak-pumping regime, g*(0) is pro-
portional to # and the full width at half maximum (FWHM)
is proportional to the cavity bandwidth, which is independent
of 8. When B is increased beyond the weak-pumping regime,
numerically it is found that g®(0) decreases and eventually

2.5 \ \
—GW(x) (units of v,/T)
ijgak(a:) (units of v, /T")
2n
2 L 4
156 0.05 weak pumping 1
1 [ i
0
0
0.5r 1
0 0.2 0.4 0.6 0.8 1

g

FIG. 7. Numerical GV(x) function (black), the weak-pumping
limit result Givle)ak(x) (blue) and average cavity photon number 7
(yellow) with 8 = 0-1.
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_9(2)(330 — )
2
gq(ue)ak(‘ro — Ié) N

weak pumping

oo
T

N W =)} ~
T T T T

9P (o — z) with 8 =0.4
W

1 T L T
4 2 0 2 4

xo — x; (units of v, /I")

FIG. 8. Numerical g (x,x,) (black) as a function of U%(Xo —

xy) for B =0.4 and B = 0.05. Also plotted is the weak-pumping
results (blue).

stabilizes to the value of three. The width of g® function also
increases, indicating multidimer scenarios.

As will be discussed in Sec. VIII, the above results show
that increasing pumping power makes the dimer-dimer over-
lap increases and influences the statistical property. As the
overlaps can be characterized by comparing average interpho-
ton distance,

Length of any section (vyAr)
Average photon number in this length [G) () At]
— Y%
GOy’

d=

and dimer spatial width (v,/T"), we can also increase dimer
spatial width to change the overlaps. Figure 10 plots the
numerical g for decreasing I' with a fixed pumping power
(2cV?). When T is decreased, the similar behavior of g
is observed, which transitions from a pronounced peak to a

5
=02
— T =04
—T=06
—Tr=08
4r r=10|
r—12
3 o
\ =L
Lal A ]
&
‘VUH
2, -
1 ‘ :
210 5 0 5 10

2o — x(, (normalized)

FIG. 10. Numerical g (xo, x;) as a function of xy — x; [in units
of 1/(2kV?)] for various values of I' (in units of 2«xV?) with a fixed
pumping power k' V2.

lower and rounded shape. With a smaller and smaller T, it is
found that g stabilizes to the value of three. Analytically, by
taking the limit L |xo — x)| < 1, it is found that

8

1
g2 (x0, X)) =3+ — =3
si

2 (2V?
nh (';—g [ dx)
is a constant. In fact, with this limit, the exponentially de-
caying relative function [exp(—UL|x1 — x2|)] of the photonic
8

dimer can be neglected and the coherent state of photonic
dimers approaches a squeezed vacuum state.

VI. THE QUADRATURE PROPERTIES

In this section, we provide a detailed discussion of the
quadrature properties of the coherent state of dimers and com-
pare our results to those in the literature.

30 4
3=02 g=1
—B=04 B=2
2516 —[3=0.6| —B=
—p3=08 —p=4
/\207 —
s =
S B
| |
50 g
& &
10+
5,
-10 -5 0 5 10

xo — x( (units of v,/T")

xo — f (units of vy/T")

FIG. 9. Numerical g® in the weak-pumping limit (left, 8 = 0.2, 0.4, 0.6, 0.8) and beyond the weak-pumping limit (right, 8 =1, 2, 3,
4). Two figures have different scales where g®-axis scales from 0 to 30 in the weak-pumping limit and scales from one to four beyond the

weak-pumping limit.
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Recall the form of the dimer coherent state,

) = ePsb Con)=ibCan) )

r AT A
= exp I:ﬂBV / da)mc;c;m_w - HC] |@)
r . .
= eXp ﬂBV da)mcwo+wa0_w —H.c. |®),
7

where B = —i2kVe 2! and I' = V2.

A. Compare with the definition of Collett and Gardiner [20]

Similar to Eq. (31) in Ref. [20], we transform to a ro-
tating frame with a — ¢'®’a. The coherent state of dimers
becomes

- H.c.) |2).

(58)

lv) = exp [ —2ikV? do— ¢ gt
= &Xp 0)2+F2 wo+w~ wy—w

J

28T?

<éZ)0+w7 é\'w(hLau/> = sinh2 <m>8(a) — a)/)7

The single-frequency quadrature is a Hermitian operator de-
fined by

—i0/24 i0/2
e 9%¢, + €%}

X (o) = 3 :
R e‘i"/zéw — f2pt
X (w) = 5 o (59)

To characterize the squeezing effect, the normal-ordered vari-
ances and the normal-ordered spectrum of the quadrature are
defined, respectively, as

(X, X;2) = f dodo' (:Xi(wy + ), Xi(oy + @'):),

Si(w): = /dw/(:f(,-(wo + ), Xi(wy + @')2). (60)

Here, the normal-ordered (also called the Wick-ordered) op-
erator is defined so that all creation operators are to the left
of all annihilation operators in the product. This definition
yields that the normal-ordered variance of the vacuum or the
coherent state of single photons is zero. Any state with a nega-
tive normal-ordered variance is a nonclassical squeezed state.
As the quadrature operator has a unit [a)]’%, the quadrature
variance (:Xi, X[:) has a unit [w].

The covariances for creation and annihilation operators are
given by

. . . 26T 2812 ,
<cw0+w, cw0+w/> = —isinh cosh P S(w+ ),

w? + T2

28T2 28T2
At At L
<Cu)0+w’ Ca)0+w’> = i sinh <ﬁ) cosh <a)2 T

R R 2BT? /
(Cw0+w, czm_w,) = cosh? <m>3(w — o),
T2
F2>8(a) o). 61)

More details can be found in Appendix E. The normal-ordered quadrature variances with two modes can be computed:

. A 1 28T 2
(X1 (wo + ), X (wy + &'):) = > sinh <'B—> [—2 sin 6 cosh (f—
w

2

2812 ,

)5(0) + ') + sinh < >
w

w? 4+ T2 +I?
(62)
The normal-ordered variance of the full-bandwidth quadrature and the spectrum are
RN | 2812 2812 2812
(:X1, X1:) = f dw—| —2sin 0 sinh 'B— cosh '8— + 2 sinh? p ,

oo 4 (1)2+ 2 w2+1"2 602+F2

1 ) . 2812 2812 ., 2BI?
Si(w): = 1 |:—2 sin 6 sinh (ﬁ) cosh (m + 2 sinh i) | (63)

As the coefficient f dx sinh( 28 ) cosh( 28 ) > 0, the maximum squeezing occurs in the direction § = 7 and thus yields the

X241 x2+1

following results:

(X1, X:) =

o0
/ d)cl —2sinh 28
o 4 X+

28 o 2B
)cosh <x2+ 1) + 2 sinh (x2+ 1)] (64)

. 1 , 28T 28T2 .o 2pT? L[ _ apr?
Si(w): = Z|:—2 sinh (aﬂ n F2) cosh <a)2 n F2> + 2 sinh <a)2 n l"2>] = Z(e W24T2 — 1), (65)
:51(0): = %sinh (2p8)[sinh (28) — cosh (28)] = %(e—“ﬂ —1). (66)
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In their seminal paper, Collett and Gardiner (CG) employed
the input-output formalism to compute the quadrature proper-
ties [20]. We note that our definitions are slightly different
from theirs: In their paper, they used the X, operator with
6 = 0, which is the same as X; with 6 = 7. Expressed in
terms of our notations, their results are

(X (wo + @), Xa(wo + @'):)ce

P s w) (©7)
=TT o+ o),

o Koo = —— P T 68
(: X2, 2->CG—_Em ST (68)
F2
Sa(@)nice = — T (69)
1

:82(0)ic6 = 7 (70

The maximum squeezing is attained at the threshold (8 = 1),
which is exactly the same as our prediction, although the
numerical squeezing factors differ. Figure 11 plots the vari-
ances in the two approaches, Eq. (68) in the CG approach
and Eq. (E10) in our approach, respectively, as a function of
B. The numerical results indicate that the coherent states of
dimers provides a larger squeezing factor; equivalently, for the
same level of squeezing, the dimer coherent states requires a
smaller B values (i.e., weaker pumping).

Figure 12 further illustrates the behavior of the normal-
ordered variance of the full-bandwidth quadrature of the dimer
coherent state, Eq. (E8). The left figure plots the variance as
a function of B for various local oscillator directions €, and
the right figure plots variance as a function of 8 for various
pumping power 8. The squeezing occurs when the variance
becomes negative.

B. Compare with the definition of Scully and Zubairy [18]

Other widely cited quadrature variance results for describ-
ing squeezing are those of Scully and Zubairy (SZ) [18]. They
considered the quadrature variance at the resonant frequency,
instead of the full-bandwidth variance. Another distinction is
that their definition of the variance is not normal-ordered, and
thus the vacuum (coherent) state has a quadrature variance
i > 0.

The following SZ result of the ratio of the variances is
derived using the input-output formalism:

[AX) our(@0)sz]? _ <1 - ﬂ)z
[AX) in(w0)]? 1+8)°

while in our approach, the ratio is given by (at the maximum
squeezing direction 6 = %)

(71)

[AX] out(@0)]?

(A%, o (o0 = 1+ 2sinh (28)[sinh (28) — cosh (28)]
1,in(@o

=, (72)

Figure 13 compares the ratios of the variances between the
SZ result [Eq. (71)] and our result for the dimer coherent state
[Eq. (72)] as a function of 8. For 0 < g < 1 (upper figure),
the two results are in numerically agreement with each other.

The SZ result shows a perfect OPO squeezing at the threshold
B =1,

[AX) out(@0)sz]? _
[AXin(@0)? 4,

while our results yields a nearly perfect squeezing at the
threshold,

[AXI ,out ((1)0)]2

= = 0.0183.
[AX 1 in(@0)? 5,

On the other hand, when § > 1, the SZ result increases as the
input-output formalism does not reach a steady state in this
range, while the dimer coherent state remains squeezed (both
approaches assuming the undepleted pumping field).

The squeezing factor for Eqgs. (71) and (72) can be com-
puted using

[AX) ou(@0)]?
R=—10lozs, ( [AX] in(@0)]2 )’
Rsz = —201log;, (1 — ’3) (dB),
1+
Ry = —10logio(e™*)  (dB)
= 1748 (dB). (73)

At threshold (8 = 1), the SZ result employing the input-
output formalism predicts a squeezing factor of +oo, while
our approach predicts a squeezing factor for the dimer coher-
ent state which is linearly dependent of 8 and yields a value of
17.4 dB at the threshold. The input-output formalism yields no
stationary states above the threshold (thus the extension part
of the curve of the SZ result beyond the threshold is indicated
by a dashed line in the lower figure in Fig. 13).

VII. EXPERIMENTAL COMPARISONS
AND REALIZATIONS

In this section, we apply the results that are developed in
the previous sections to compare with the experimental re-
sults and to estimate the required pumping power in different
regimes.

<2X27X22>

B
CG approach

02 04 06 0.8 1.0
_0_5,

-1.0r

-1.5¢ Our approach

FIG. 11. Comparison of the normal-ordered quadrature vari-
ances in the maximal squeezing direction between the CG result (68)
and our result (E10). The variances are plotted in units of I".
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FIG. 12. Normal-ordered variance of the full-bandwidth quadrature of the dimer coherent state, Eq. (E8). The variances are plotted in unit
of I'. (left) The variance as a function of 8 for various local oscillator directions 6. (right) The variance as a function of 8 for various pumping

power B.

A. Small-f regime

We first compare the quadrature variances at small-

B regime between our theoretical results and that of the

squeezed states of the electromagnetic field generated by de-

generate parametric down conversion in an optical cavity [31].
Using the quadrature definition in Ref. [31],

X(©)=(+¢")cost —i(¢—¢")sing,

the ratio of the variances by our approach is given by

[AX @)

[AXuac

(74)

= 1+ 2sinh (28)[sinh (28) — sin (26) cosh (28)].

(75)

Here the ratio is evaluated at the resonant frequency due to
the narrow bandwidth of 2100 kHz of the detector. Figure 14
plots the quadrature variance as a function of the local oscil-
lator direction 6. The experimental result (blue curve) and the
theoretical result (red curve, with a choice of 8§ = 0.16) are

[A%1 our(wo)?
10K (AR in (wo))?

0.8;
0.67
0.4;

0.2f Our approach

. . , 3 SZ approach
0.2 0.4 0.6 0.8 1.0 '

[AXI,O'uL(w[))]Q
1.0} [AX1in(wo)]?

0.81
0.67

0.4
0.2f \

FIG. 13. Comparison of the ratios of the variances between the
SZ result [Eq. (71)] and our result for the dimer coherent state
[Eq. (72)] as a function of B for 0 < B < 1 (upper) and B > 1
(lower).

SZ approach

Our approach

B

in good agreement and provide the same qualitative behavior:
The period of the phase is 7, the average quadrature variance
is above the vacuum state, and the squeezing only occurs
within a small range of 6.

B. Large-f regime

We start by expressing the parameter «,

ool

hv?

_ L Fla)o )

= h2 2€on§ffVcrysm1 2meox EpAcryslaly
where n.s is the effective refractive index for signal or
idler photons in nonlinear crystal. x® is the second-order
nonlinear coefficient of the crystal. Agystr and Virysia are
the cross-sectional area and the volume of the crystal,
respectively. wy is the frequency of single-mode cavity or
signal or idler photons. It follows that the pumping electric
field and pumping power can be written as

(76)

K ngffA cavity |T| %

=————"——  and
P ’
47T2X (2)w0vcrystal
€0 2
Ppump = ElEp| Abeam a7
2
/"4\;\
/N
1.5¢ / \\\\ i
// \
c§< 1 /// / \

< / \g /s‘J “\

N/ \
S N \
0.5 7 NP4 ~

——experiment

—theory
vacuum
0 . . . . i i
0 1 2 3 4 5 6
0

FIG. 14. Quadrature variances as a function of the local oscil-
lator direction 6, for extracted experimental data (blue), theoretical
predictions (red, with 8 = 0.16), and the vacuum (yellow).
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TABLE 1. Experimental values from the literature.

Crystal type [31] Crystal size [31] x? [32] Ner [32] T [31] Wavelength [31] Beam radius [33]
MgO:LiNbO3 8 mm x 9 mm x 25 mm 4.4pm/V 2.20 4.3% 1.06 um 64 pm
where Acayity 15 the cross-sectional area of the cavity, T is the are represented by the Fourier integral:
transmittance, and Apeam, 1S the cross-sectional area of the laser dx e, .
beam. We take Acaviy = Acrystal- 6‘1, = > e ¢'(x), (79a)
Recall that the average photon number inside the cavity V STt Vg
is given by 71 = %sinhz(@) + %sinhz(%). With the ex- A dx  _jo.,
; . Co = e % E(x). (79b)
perimental values from the literature (see Table I), the exact /27 v,

values of our results can be estimated. When the average in-
terphoton distance [v,/GV(¢) ~ v,/2T'7] is comparable with
single dimer spatial width (v,/I"), the average cavity pho-
ton number is about 0.5. It is estimated numerically that
when i1 = 0.5 (k = 1.44 and B = 0.92), the pumping power
is approximately 1.44 x 10~'* W. For photons in the visible
spectrum (A = 533 nm), average cavity photon 7 = 0.5 re-
quires 3.87 x 10* pumping photons per second. The output
photon number per unit time is G(¢) = 1.70T" = 9.38 x 10°
photon/s. Here I' = 7V? = 5.5 x 10° s~! represents a corre-
lation time [width of g (1)] of 210 ns. The estimates for the
KTP crystal are of the same orders of magnitude.

In the weak-pumping limit, as both GV and the pump-
ing power is proportional to k2, the output photon number
per unit time is proportional to the pumping photon num-
ber (fiou = iipump). Using the above values, when 7 = 0.005
(k = 1 /20), the output photon number is 1.11 x 10° s~ and
the pumping power is 1.71 x 107'® W (4.6 x 10?> s~! pho-
tons). Then the ratio between output photons and pumping
photons is o = 241. Numerically we found that this ratio is
sensitive to some experimental values. The ratio depends on
all experimental parameters. For example, the ratio is pro-
portional to the square of the beam radius and changes from
o = 9.9 x 10° (beam radius 1 um) to & = 0.99 (beam radius
1 mm).

VIII. STATISTICAL PROPERTIES OF COHERENT
STATES OF DIMERS IN BEC AND BCS LIMIT

An important element of the discussion in this paper will be
the two-photon operators that create and annihilate the dimers,
which are introduced by rewriting the dimer state in Eq. (1) as

B (x)|9), (782)

B )_/ dx
mhe V2,

o I orpy, 1 Xy X4
bt ——/d [ o 2% d_A’f( _)A’f -4,
() X4 vge ﬁc x4+ > ¢ x >

(78b)

with x = (x; + x,)/2 denoting the center of two photons and
X4 = X1 — X the relative position of two photons.

To explore the properties of the photonic states in the re-
ciprocal frequency space, the relevant single-photon operators

These two operators satisfy the commutator relation:
[Cw, 61'),] = §(w — @'). Accordingly, the two-photon dimer op-
erators in the frequency representation for a dimer mode with
a total frequency p (the energy is /iu) are introduced as

follows:
r r .
|B/l.> = _/dw—zéi)éz_wM) (80a)
RN TR
= b'(w)9), (80b)
) ,/F/d r et et (80c)
K =4/= W———5—CpC (-
R

It follows from the frequency dependence of the two
single-photon operators in the integrand that the energies of
the two photons in the dimer are anticorrelated, and that the
dimer has a frequency bandwidth ~I'. For each individual
photon, its frequency spectrum follows a Lorentzian form,
which is plotted in Fig. 1(c).

We shall be interested in the quantum statistical properties
of an ensemble of photonic dimers. As the two photons in a
dimer stay apart with a finite distance that is described in the
relative wave function, the statistical properties depend on the
degree of overlap between dimers in the ensemble. Similar
scenarios occur for the systems of interacting fermions. In the
context of attractively interacting Fermi gases, the properties
of the gases, e.g., the ground-state energy, momentum distri-
bution, and low-energy excitations, all depend on the degree
of overlap of the diatomic molecules. By varying the length
scale of the pair correlations (or the size of the fermion pairs),
the gases can transition from the Bardeen-Cooper-Schrieffer
(BCS) limits of Cooper-like pairs to the Bose-Einstein con-
densation (BEC) limit of diatomic molecules. The crossover
can be driven by fixing the interactions and changing the par-
ticle density (density-driven), or by tuning the interactions at
a fixed density (interaction-driven), and has been observed in
dilute atomic gases [34-37] and recently in two-dimensional
superconductors [38].

Although the many-body system is in principle described
by the same wave function in both BCS and BEC limits, the
theoretical descriptions are however rather different. In this
paper, we confine our attention to an ensemble of photonic
dimers in the BEC limit and formulate the theory from the
outset. In photonic gases, even though the fundamental statis-
tics of the constituent particles are different from that in the
Fermi gases, the descriptions of the two systems in the BEC
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FIG. 15. The spatial overlap of three photonic dimer relative
wave functions. When bunching factor I' is not sufficiently large
compared with average distance between photons, the overlap of rel-
ative wave functions is significant. With increasing I, such overlaps
gradually decrease, and eventually disappear at condensation limit
when I' — oo. The two strictly collocated photons now behave like
a grouped giant particle.

limit however are similar as the building blocks in both gases
are bosons in the BEC limit. As shown in the following, in
the BEC limit, the quantum optical field of a many-dimer
system is described by a coherent state of dimers, which is
a natural generalization of conventional lasers outputting a
coherent state of single photons. In the BEC limit, the optical
field also possesses unique optical properties, such as strong
quantum optical nonlinearity. Figure 15 shows schematically
the transition of the many-dimer system from the BCS limit
to the BEC limit by varying the interaction strength I".

The information of the dimer-dimer overlap is captured by
the commutator of the dimer operators:

~ ~ r _r,
[be(x). Bi (x')] = 8(x — x') +2 f dx Lol
Vg

|2x' —2x—x4] - Lg 2% —2x+xy] )

_r -
X (e vg +e ¢!

20 —x+ (x4 31)
x | 2x' —x 2cx 5 )

whereas the second term describing the dimer correlation is
due to the overlap of the dimer relative wave functions with a
finite spatial range and becomes significant when I" is small
(' < vg/lx — x'[). When T increases, the overlap between the
relative wave functions becomes less and the dimer correlation
between the neighboring dimers becomes weaker. When I is
further increased (I' > v,/|x — x'|), the spatial extension of
the relative wave functions reduces to a sufficiently small size
compared with the average distance between dimers and the
overlap is negligible. In this BEC limit, the two photons in the
dimer bind tightly and the dimers become the building blocks
of the many-photon system.

To further simplify the description so that the theory
becomes tractable, we investigate the dimer operators and

commutator at the large-I" limit:

YN 1
lim bl(x) = /dxd lim /T 2% d'/vg—éT<x+ﬁ>
'—o0 '—o0 ﬁ 2
x & x — acl
2

_ /dxd\/@L@T<X+ %)C( - %)

1
= M@T (x)é (x), (82)

where limp_, Fe_zim/vg = 8(x) is used and the normal-
ization factor A, = f dwe'*/Vs | (2mvg)lx=0 is proportional
to the available bandwidth. The commutation relation of the
dimer creation operator and its adjoint annihilation operator
follows:

[by(x), bl (x)] =

T [e(x)ex), &' (e ()]

=8(x — x’)<1 + ié*(x)é(x)) (83)
Ay
The second term in the parentheses is O(ALM) as A, — o0.

In the BEC limit (I' — 00), the frequency representations
of the dimer operator and the commutator can be obtained
straightforwardly:

A dw 1 ot At
b'(w) = —27[ —\/mcwcﬂ_w. (84a)
L do 1
[b(u). 6" (] = 8 — @)+ | 52 (@i
21 Ay
(84b)
8o (84¢)

Similarly, the second term in the integral is O(AL) as

A, — oo and the commutator [b(w), b' (/)] = 8(u — ') in
the BEC limit.

IX. CONCLUSION AND OUTLOOK

In this section, we discuss the major approximations and
the consequences of the approach presented in this work,
followed by a brief comparison with the approach of others.

A. Neglecting time ordering

In Eq. (18) and the calculations followed, the time-ordering
operator 7 is neglected for mathematical simplicity. The time-
ordering operator 7 determines the order of Hamiltonian
operators of different times in the expansions. As the Hamil-
tonians at different times do not commute, the time-ordering
operator cannot be neglected in general. The effects of time
ordering in quantum nonlinear optics have been discussed in
details in Ref. [39] using the Magnus expansions.

Specifically, for an interacting Hamiltonian involving a
bosonic quadratic term,

A =« / dondewse =D g(wr, o)A (DA (@02)

+Hec. (85)
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As shown above, the output state without time ordering con-
tains only the dimer Lorentzian amplitude in the exponent. In
contrast, the evolution operator with the proper time-ordering
consists of contributions from the frequency-conversion part
and the squeezed state part, respectively. For the initial vac-
uum state in the current problem, the frequency-conversion
corrections disappear; the only correction is an additional
two-photon amplitude of higher-order in « in the exponent.
Consequently, in the weak-pumping limit (¢ < 1), the time-
ordering effect indeed can be neglected. In Ref. [39], it is also
indicated that the time-order corrections vanish for a broad
bandwidth amplitude ¢(w;, ;) in the Hamiltonian, which is
exactly the conditions for the BEC limit in the photonic dimer
laser. In the strong-pumping limit (« >> 1), the correction
cannot be neglected.

B. Undepleted assumption

The formalism developed in this work is in the undepleted
pump regime, so that the pumping field remains the same.
Here we briefly discuss some of the artifacts due to the un-
depleted pump assumption. In the undepleted pump regime,
beyond the weak-pumping limit, the input photon number is
proportional to «2, while the output photon number and the
average cavity photon number increase exponentially when «
increases. In contrast, as shown in Ref. [40], in the depleted
pump regime, it is found that the number of the output photons
eventually becomes proportional to the input power (ock?). We
note that it is possible to extend the formalism to the depleted
regime of the pumping field [41]; nonetheless, we shall leave
this endeavor to future work. The general observation is that
the range of agreement in both regimes is relatively wide (spe-
cific range of agreement for this work would require working
out the depleted-pump case).

C. Comparison with the input-output formalism
and quantum Langevin approach

The input-output formalism and quantum Langevin ap-
proach have provided viable predictions below the threshold.
Above the threshold, however, both approaches yield the
results that the average cavity photon number (and G'V)
increases exponentially over time and that steady states no
longer exist. In our formalism, however, an OPO can always
reach a steady state. The average cavity photon number of the
steady states in our approach also increases exponentially with
increasing pumping field. In the input-output formalism and
quantum Langevin approach, it has been argued that the cav-
ity photon number is ultimately constrained by the depletion
effect and the time-ordering effect and reaches a steady state.

With an understanding of the limitations in our approach,
we show that a new class of quantum photonic states, namely,
the coherent states of photonic dimers, can be emerged in
the cavity-SPDC system. As a final remark, we would like
to emphasize that the coherent states of photonic dimers may
also be engineered in different physical platforms, just like the
coherent states of single photons can be created in different
systems. For example, our preliminary results indicate that
the coherent states of dimers can also be created when an
ensemble of biexcitons is coupled to a cavity [42]. The unique

quantum statistical properties of these new states, as detailed
in this work, may open up new opportunities in nonlinear
quantum optic researches.
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APPENDIX A: EFFECTIVE INTERACTIONS
OF GAIN MEDIUM

Consider an ensemble of two-level atoms inside a cavity.
The Hamiltonian for the interaction of the active atoms with
the single-mode optical field and the state of the system in the
interaction picture and the rotating-wave approximation are

V(t) = hg(ag T @D 4 a6 @D (Ala)

WD) =3 A @ln. =) + Y Aus(®ln), (Alb)

where g denotes the atom-cavity photon interaction strength,
and a' is the annihilation (creation) operator of the cavity
photons. w and 2 are the cavity-mode frequency and the atom
transition frequency, respectively. |[4) and |—) denote the ex-
cited and ground state of the atom, respectively. The damping
of the optical field can be accounted for by the interaction
of the radiation field inside the cavity with a reservoir of
vacuum modes representing the outside world (modes of the
universe) as seen through the partially transmitting mirrors at
cavity boundary, or by including a phenomenological decay
factor in the in density-matrix approach [18]. This dissipation
mechanism will be considered in the later discussions.

At well above threshold, when the quantum fluctuation
of the atom states can be neglected, the atomic degrees of
freedom are replaced by the average values:

pp(t) = hg(&<6—+)ei(w79)t + &% (6_—)671'(0)79),)

=hgy_As (DA, _()ae "

+ g AL (DA, _(D)ale . (A2)
n
We are interested when the system is on resonance w = .
Under the resonance condition, the oscillation terms e* (@2
vanish and the amplitudes are

An,-‘r(t) = Bn,lei\/mgt + Bn,Zeii n+1gt’ (A3a)
Ap—(t) = Cy1@V™ + C eV, (A3b)

with complex coefficients B, |, B, 2, C,.1, and C,,». The coef-
ficients in Eq. (A2) become

Ay (DA, (1)
_ B:,ICn,1€i(‘[7m)gt +BZ,2Cn.]ei(ﬁ+M)gt

+ B (Cppe” (Vv o B 0, 0o (ViFT=Vig
(A4)
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For strongly pumped materials, the average photon number 7 in the cavity is large so that n >~ n. Average over a short period
~1/ng, we have

ZA DA =) _B;,Cut + B ,Cna (AS5)

n>~n
The overbar denotes a temporal average over the period 1/ng. The effective interaction now takes the following form:
],)p(t) — h(X&ei(w—Q)t + X*&Te—i(w—ﬂ)t )’ (A6)

where = g3, B} Gt + By 2Cr).

APPENDIX B: FREQUENCY REPRESENTATION AND REAL-SPACE REPRESENTATION IN THE
SCHRODINGER PICTURE

To obtain a direct expression of the photonic state in the laboratory frame, here we calculate the state in the Schrodinger
picture. It turns out that it is rather involved to transform the state in the interaction picture, Eq. (22), to the Schrédinger picture
of the state. Here we employ the dressed operator A [Eq. (3b)] that the diagonalized Hamiltonian Hy [Eq. (3b)] to get the final
state in the Schrodinger picture. The relation of the state between the two pictures yields

H P - H Pt o H
W @))s = e P (n) = e Tl R ) = i f LA it gy (B1)

where
Hy="h / dowAT (0)A(w),

H(t) =Ty oL / dw dawye™ @riHieition o (o Yo (wy)AT(w1)AT (w2) + Hec. (B2)

~ Ay, LA, . .
Inserting identity operator 1 = e i 7el 1! into the evolution operator,

~ CHy, it gy iHo
Us(t) = e ity Hf()dtH[(l)elht

. t R 1 l t R l t R AFIO

—e =L [aray+ = (=< | arman) (=L | arBue N

|: Fz/ 1( )+2< Flfo 1( ))( h/() 1( ))-l— ]e

A i (! R A 1 .4 i [! R A A i (! . A
=1+e_’h0’<—%/ dt’HI(t’)>e’f?’—i-ze"f?’(—%/ dt’H,(t’))e’ho’e"f’(—%/ dr’H,(ﬂ))e’fwr---

0 0 0
A [t . A
= exp [e‘i;)’(—%/ dt’Hz(t’)>e’f?'i| (B3)
0

The exponent of the time-evolution operator in the Schrodinger picture now becomes

i Cort Y
In[Us(1)] = e_iﬁ[)’<—%/ dt/HI(t/)>€lf?t
0

iTooL (! it tion (F—t)ian (¢ A 7
= f dr’ / dwrdwye™ DT Da(opa(@)AT (@DA (@) — He,
0

iTo.oLe @ [! . , .
- % / dr’ / dw dwe @~ =" () )a(w)AT (w))AT (wr) — H.c.
0
iFO»OLe_iwp[ ' / i(wy—w)—wy)t’ * AT * A
- T/ dat /d“’ld“’2e( e g (w)a(w) | o (o) +/d’71f3 (w1, m)E),
0
x [a*(wz)a* + / dnyB* (2, nz)éf,z] —Hec.

=¢&Satal +/dnf,faT /dmdnzq&m e el —He. (B4)
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(1) The first term contains two cavity-mode photons,

In[Us ()]

o

iTooLe ™" ! ; / +
e / dr’ / dwydwye™ == () P|a(wr)a’a” — H.
0

iTooLe " ! ) ,
- OOT / di'e™" x eV atat — He.
0
iTooLe ™" .
= Wﬂ a' —H.c.
=¢&%a'a" —He.
where
55 _ iFO’OLe—ingt _ iKe—iZwot
- 2mhVZ 2xm
(2) The second term contains both cavity-mode operator and free-space operator,
. iTooLe ™ ! ; ,
In[Us(t)], = O‘OT/ dt’/dwldwze’(wp_”"_“’z)’oc(w1)oz(a)2)
0

where

X fdn[a*(wl)ﬂ*(wz, )+ a*(@)B* (w1, Mla‘e) —He.

2iTg oLe ! ; / . ,
= —O’Oh / dt’/dwle’(“"’_‘“‘)t |a(w1)|2/dw2dne’(‘“°_w2)’a(wz)ﬁ*(a)z, n)&TE; —Hec.
0

. —i t

_ 2iTg,0Le™"r" / di'e -V ’/dn v i [ei(wo—fl)l' _ e—rrVZI’]&TET —Hec.

/) n—wy+ixV? K
_ _’FO OLe e / a'eh —He,

77 —wgy — irV?

= / dnfya'e —Hc (B5)

5= —iTg,0Le ™! 1 _ —ike 2! 4

n ThV n—wy—irV? i1 n—wy—irV?

(3) The third term contains only the free-space operator,

In[Us(1)]

where

lFO OLe_lwpt z(a) —w| —w, )t
=—"— dt dwidwye =" a(wy (@) | dmdna (w1, n1)B" (w2, nz)C,71 g — He.
F L —lu)pt t . , B . ,
= Dot ; / dr’[ / dandi e e (o1, 171)5,',,} [ / dandipe’ ™ o) B (wn. 772)5;2:| —He.
0
iTo oLe @ f /’ V2 Wom VR
- -7 @ @ dn.d dl‘, i(wo—nit" _ TVt
h i (n1 — wy +iTtV2)(12 — wp + ian)[e ¢ ]
i(wo—m)t’ 77rV2t AT AT
x [Tl — ]m nz—Hc
iFo OLefliwot VZ
=— dr]lan N .
h (m — wo + iTV2)(n2 — wo + imV?)
82 ) +iP i + i L ¢ —H
X | T woy — — 1 C C — n.cC.
0 N " 2(1)()—1’]1 — 2 n —(J()()—I'JTV2 1’}2—600—i7TV2 27TV2
/dmdnzqﬁm " A;}é; H.c,, (B6)
5 = iTgoLe > v?
e h (m — oy +ixV2)(2 — wo +inV?)
52 RIS v S S
X |7T woy — — L
0 29— — M2 M —wg—inVE  my—awy—inV:  2wV?
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2
— l-KV2672iwot . V -
(m — wo + irV?2)(n2 — wo + iwV?)
52 ypip—— 0 0]
X |w8QRwy — ny — i .
0= 200 —MN1 — M2 N —wo—intVE oy —wy—inV?:  2mV?2
0 better understand the state, we perform the Fourier transtorm | ¢ xe ¢¢T(x)] to get the wave function in
Tob d d th perf he Fouri f [A \/2_ d %/ ¢ (x)] get th fi
the real-space representation. e
For the second term [ dnf;a‘é]:
2iT o Le~ 200t 1% ei(wo—n)t—rerz 1 e—2nV2t 1
/dnfS —He = 00 /dn . . + a'el —He.
/] n—wy+irV2| i(wy —n) —wV?2 2nV?2 m
2iT o Le~i@ot 1% —int __ ,—iwgt —iwot =21Vt __ ,—iwgt
—Zoef Eﬁ/d P ¢ |éf —He.
h n—wy+irV2| i(wg —n) — V2 2 V2 K
2ZF Le™ iwot Veir]x/vg e—ir]t _ e—iwot e—iwot—ZnVZt _ e—ia)gl
= AT/dxfdn — | - >+ 5 &t —
2nvg n—awy+inV?| i(wg —n)—naV 2V

_ 2iF0,0Le_iwol

V2mvgh

4 %ieia)g(x/vg—t)—rer(Zr—x)@(_x) + ‘éeiwo(x/vg—l)+7rvzx®(_x)i| 61‘ (X) — Hec.

&T/dx[‘i iwg(x/vg—t)—1 V3t — nv2\x/vg—r|+ lwo(x/vg—t) —V2x]

_ 21.1—‘070146_1-0)0!
B V2 v h
21F0 oLe lwol

V2mveh

&T/dx[v iwo(x/vg—t)— V3t — rer\x/vg—tl_i_ % uug(x/vg—t) ﬂVzlx:|®(x)cT(x)

/dx ol (x/vg—t)— —V? 1 — —JTVZ(I —x/vg)— ﬂVzlt—x/vg\]®(x) T(x) _ Hec.
%

=d' / dxf5(x, e (x) — He,, &7
where
S, 1) = Meim(ﬂvg—t)—ﬂvzx/vg[l _ e—ﬂvz(l—x/vg)—rr\/z\t—x/vg|]®(x)
N
— Meiwo(x/uft)fnv%/ug[l _ e*ZﬂVz(tfx/vg)]®(x)®(t —x/vy) (BS)

V2mv AV

2F L —ia)()t X
~ /ZLTem/e’”°<X/vg—r>—nV2x/vg@(x) (t — 00)
8

2k Ve oot

V2,

cT in Eq. (B4):

d )TV @ (x) (1 — 00). (BY)
For the third term [ dnidn.¢?

AF
n, ’IZC”I

/dnldn2¢m 2 A:Lhéjlz Hec.

1 . . .
~ 2nv /dxldxz/dmdmd’gl,nzem'xl/Ugﬂnzxz/"g@T(m)5'(xz) —He.
3

iKVz V26—2iw01+in1x1/vg+in2x2/vg
= /a’xldXz/dmdnz — —
2, (1 —wo + intV?)(ny — wo +inV?)

I i
2a)o—m—nz+n1—wo—inV2+n2—wo—inV2+2nV2

X |:JT5(2600 —n —m)+iP :|6T(x1 el (x,) — Hec.
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iKV2 f ded /* J 672iwot+imx1/vg _nv2ei(2wofm)xz/ug N _nv2€i(2wgfﬂ1)xz/vg @( )
== xXi1ax X
21, 195 n n —wy+itV2| n —wy—inV? N — wy — irV?2 2

77V 26l Coo—n1)x2 /v, _2nv2ei(wo—invz)xz/vg znv2ei(w0—ian)xz/vg
O(—x2) + —x2)

O(—x2)

N —woy — imV? N —woy — irV? N —wy — itV?

+ ieiwoxz/vg—nvz\le/vg_ieiwuxz/vg+ﬂV2xz/vg@(_XZ) } CA,T (x )é’r (x,) — H.c.

ikV? e~ 2iwot+imx1/vg 27V ?2eiRwo—n1)x2/vg ) )
- / dxidx, / dm . . O(x2) + iel /IR @ (xy) Lot ()6 (x2) — Hec.
2w, m—awo+intV2| n —wy—inV?

iKV? Do (L2 2 Do (L2 2
— - /dxldxz[—erelsz( Tug 1)—mV3|x le/ug®(x2) + 27‘[6‘12%( 2o H+mV2(x xz)/ug®(x2)®(_x1)]ET(Xl)éT(xz) _ He.
8

ikV? , PN
- / dxydxye ™ DTV Rl g (6 @ (1) ()E T (v) — Hec.
Vg

= / dx1dx, @ (x1, x2)¢" (x)é" (x2) — Hee., (B10)

where

/ 2, X1+
iKkV 20 =)=V,

¢ (x1, 3, 1) = — O (x)O(). (B11)
Vg

In the above calculation, the large-¢ limit is also taken. ®(x) factors are contributed by the last four terms of the wave function

in the frequency domain. Figure 5 plots the probability distribution of the two-photon dimer state.

In the real-space domain, state of the system is

¥ (0))s = exp [ssa"'a"‘ + / dxf*(x, na'e’ () + / dx1dx@® (x1, %2, )¢ (212" (x2) — H.c.] 1), (B12)
where
ES _ iKe—iZwof
2r
Pty = 2V gontstntmV s,
V2,
- IKV? o (222 2 e —
(., 1) = === PR TR O () ().
4
[
APPENDIX C: CORRELATION FUNCTIONS where £7 = ga'a’ + [dnf,a'el + [ dmdnagy, ,,¢) &l . In
IN THE INTERACTION PICTURE the experiment, only free-space photons will be measured:
In this section, we discuss the correlation functions calcu- G(l)(t +1,1)
lated in the interaction picture. As the physically measurable 1
quantities are identical in different pictures, we expect - / dkdk' e (=it (g5 F —F *@Z/@keF f—F %),
the same result in this section as we calculated in the 21
Schrodinger’s picture. GP¢ +1,1)
1 —iwy, (+0) =it A A FT—F ?
=5 dkidkye™ 0 tTD=onl s & oF =gy
1. Interaction picture (frequency domain) T
In the interaction picture, the state is (1) Here the coefficient 1/27 does not influence the value
of normalized correlation but is important because it makes
W) = 4] Anfy T dmdnagy, 1y, €5, He- gy the photon count [ dtGV(z, ) = 1 for a one-photon state.
. (2) The time variable 7 in G?(t + 7, 1) cannot be chosen
=", as 0 before doing the integration.
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If we define ¢p(s) = eSEFNOSE=F) and et bo =
ZpRp

@p(1). Inserting the identity operator 1=efFe ,

1 ‘ _
GG+ = / dkdK e TN GG G 10),

1 . . :
G(Z)(t +1,1) = ‘E f dkldkzeilwk‘ (Hﬂ)ﬂww@@kl @@(2 |®> )

Based on the experience in previous calculation, we may
guess that @, is a linear combination of ¢, 6,: a,and a'. Once
we get the form of ¢ operator, we can use it to calculate
the g? function. Similar to the previous calculation, first
differentiate s,

d A A A Ae (B
Tho0) =0 FT et
N

Using the following commutation relations:

(b0 BT — F] = fia + / 24,06,
[, F"—F1 = k*&+/dn(2¢j;’k)é,7,
(C2)

A

[a, FT — F]

264" +/dnfné;§,
@l £ = Fl=25'a+ [ dng;e,

we have a set of differential equations for ¢, (s) operators,

d
500 = i )+ [ dn26,0046)

d
5000 = 7:0s05)+ [ dn@o; 00,00

d
75 %a(s) =2E¢a-i-(5)+/d77fn¢@;(8),

d
2P (9) = 25*¢a(S)+/d77f;¢en(S)- (C3)

The first-order differential equations transfer each ¢, operator
into other operators, which makes it difficult to calculate.

J

The above calculation is nothing but using the formula

Then we take the second-order differentiation,

2

d- R .
Z2%.) =0tZ‘<pa(s)+fdnﬂZ,,,<pa,,(s),

d2
ﬁ@@l(»‘) = 0 Pur () +/d77,3k,n¢@;(S),

; (2
T bals) = Y @als) + / dng,; @e, (s),
d2
5005 = v0u )+ [ dngy o),
where
w =206+ [ dn2o 0,
IBkJ? = fk*fﬂ + /dn/(zd);;/,k)(z(bn’,n)’
y =152+ [ dnis
6 =261, + [ /20, ()

In principle, we are able to write arbitrary-order equations.
Expanding the ¢4 (1)
Po(1) = 95(0) + i%(0) + ld—zéﬁ(o) +---. (CO)
ds 21ds2 "¢
Using the fact ¢5(0) = O,
Pe,(0) = Cx,

d i i
06,(0) = fid' + / ey,

d2
ﬁg@@k(O) = Ollf& +/dnﬂz’n@n

From the above two sets of differential equations, all the
odd-order (1/n!)(d"/ds")p: (0) terms are simply a linear
combination of ¢, and a, while all the even terms are a linear
combination of él and &'. A general form of ¢, operator can
be written as

o= [ A0y + Vel + ' + 1. ()

1 1
Kye X =Y +[X, Y]+ E[X’ (X, Y11+ ;[X, X, X, Yl +---. (C8)

oL

In the strong-coupling or weak-pumping limit, notice that &, f, and ¢, x are all of order O[W]' Then oy, Bi,y, ¥, and ¢, are
of order 0[(F0’0L/h\/2)2]. Here we only consider the order of O[Fo,OL/hVZ]. Then,

Po, = G + / d"(zqskn)é; + kaAﬁ, (C9)
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where

To.oL 1 To.oL V2

l s 5 ¢ﬂls712 =1 . B . B
ThV n—wy+inV h (m —wy—inV?)(n, —wy —inV?)

fnz

1 i i 1
x |78 —w iP - - ’
I: (771+772 P)+ 771+772—60p m—a)o-i-iﬂvz nz—a)0+iﬂvz +27TV2]

The @, operator indicates that expected value of annihilation operator is zero:

(Wlexly) = (D)@ 19) = 0,
which is because the state is two-photon coherent state. The photons can be in cavity or in free space, and photon number is

. o “dnfét ot et
always even. As the cavity-mode photons cannot be separated, the state is different from o e+ [ dmdnagy, iy &, &, —He. |2), where
expected value of annihilation operator is not zero.
This approximation is similar to the expansion of wave function,

) = 0L AR dnidnag ) 6, —He gy (1 +eatat + / dnf,a'e; + / dmdnz¢m,nz@f7,@iz>'”>' (C10)

Here we can use the first-order expansion to calculate G'). But we have to use the second-order expansion to calculate G to
get the same result under our approximation. In the first-order expansion, G (7) is only related the ¢,, ,, term and this term is
the leading one in the weak-pumping limit. Under our approximation,

GVt +1,1) = % / dkdK' ™ TN GG G, 1)
= % f dkdk’e"wk'<f+”—fw”<@|[ f dn' ¢} ey + fk,a] [ f dnQe.)e} +fk&"]|r25>
— (0| [/ A5t + ey + F5 + r)&} U dn,(1)e} + f(t)&*} 14)
= /dn$Z(t + )y (1) + 1+ TF ), (€11

GV, 1) = |f0)? +fdn|$n(t)|2- (C12)

Here we define g,,(r) = «/;27 [ dke=(2¢y;.,) and o) = \/;27 [ dke=ix f;.
1 , . 2
G +r1,1) = ‘Z / dkydkye™" " (’+f)—’wsz¢ékl Pz, 19)

2

1 —iwg, (t+T)—iwg,t | A AT A AT At
o dkidkye™" " 2 e 4 | dnQer, )] + fra dnQer, )¢ + fr,d" |19)

1 ~ . 2 ~ ~ ~ ~ o~ ~
g‘ / dng,()e” "D+ / dmdml|y, (t + P16, (O + 65, (¢ + 1)y (0)y, (¢ + )by, (1)]

+ / dnlf(t + ©)y(@) + F(O) Gyt + D) + 21t + 1) f ()

2
+ (/ dny |y, (¢ + r>|2> (/ dnz\$n2<r>|2> + ‘/dnfi;(t + )y (1)

+If(t+f)|2/dn|$n(t)|2+ |f(r)|2fdn|$,,<t+r>|2+ (f*(t)f(r+r>fdn$;<r+r>$n<r>+H.c.)

2

! i
= E‘ / dny (1)e™ 10+

+211 ¢ + OPIf @) (C13)

1 _ A 2 _ N 2 N N
=GV +1)GV() + Z‘/dnq&,,(t)e""(’“) + ’/dnqs;;(t + )y +1f + DPIFE)?

+ (f*(r)f(r +1) / ALt + T)y (1) + Hc) (C14)

GO +1,1)

@y _
§7(®) GOt 41,1t +1)GD(1, 1)

(C15)
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To calculate $n(t) and f (7) only terms with singularities on the x axis or the lower half have contributions. Let k = o oL/AV?,

~ 1 _. . TooL 1 2V o
) = —— d int s — iwpt—mV t. Cl16
F@® «/27{/ ne lJThV n—wy+inV? 4/27-[6 ( )

~

f(2) is the effect of the “single-photon part:”

~ 2T 0L . V2
Bylt) = —i— 22 / dke™ : :
! 2k (wp — wo — imV2)(n — wo — iTV?)
S(wx + 1 — 20) + iP—— i S
x | wé(w — 2w i - -
ki 0 wp+n—2wy wp—wy+irtV: n—wy+inrV: 27V?2
2
= i 4+ Db +5+0+0]
N2 :
where
- V2 —7V? 4
I = /dke_"“k’ — ——8(wy + 1 — 2a9) = > e~ iCwo=mt
(wr —wo — inV2)(n —wp — inV?=) (n — wo)” + w2V+4
) V2 1 —V? .
12 — /dke—twkt : 5 : 5 iP — 7-[2 e—t(2a)o—n)t’
(wr —wo —inVA)(n —wo —inV?) o +1n—2w0 (n—wy)* + m2V4
. V2 —i e*iwotfnvzt
L= / dke~ ! : : = S
(wr — wy — itV (n — wy — inV?2) wp — wo + inV? n—wy—irV?

Here we can see that the first two terms (photon bound state) play an important role in the a,] function:

(’5 ) .2KV2 —27V? —iQQwo—n)t . e—iwot—rert C17)
= —i e —i—
! V2r | (= wo)® + w2V4 n—wo—inV?

To calculate correlation functions, we need to use the following results,

—iwgt —t V2 —i T
d g —in(t+1) _ _-2KV2 d _27TV2 —int—i2wpt _ € of =V i)
ngy(1)e i n 3 [
2 (n — wo)” + w2V4 n—wy—iTV
2kV? . N
S [_zneﬂwgrfnv |T|—i2wot + 0]
21
2
— l4jTKV e—iwo‘r—ﬂV2|‘r\—i2a)0t’ (CIS)
V21
2y4 2 iwot—1V?
/an$ op =2 /d’l 2V g g T
7 7 (n — wo)* + w2V4 n—wo+inV?
—iwot—mV?
" —27IV2 e—i(2w0—n)t _i e ot —m V<t
(N — wp)* + m2V4 n — wy — irV?2
24 / 42V N 2imV 2l -V
T N0 =002 + 72V T [(n — w0)? + 72VA () — @ — imV?)
_2inv2e—i(w0—n)t—7rV2t e—27rV2t
+ +
[(n — wo)* + 72V — wo +inV?) () — wo)* + m2V*
2K2V4 2 e—ZnVZt e—27‘!V2t e—Zant
T x |vzT vz T vz T2
2k%V?
=L (2—e ), (C19)
T
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- . 22y4 —27V2 ) e*iwn(fﬁ'f)*ﬂvz(f“r‘[)
dngX(t + 1), (1) = /d o=+ | .
f W+ DR 0 = = n[(n_wo)zﬂzw e
—27TV2 —iwor—n)t ) e—iwot—nVZt
X e B
(n — wp)* + w2V4 n — wy — imrV?2
_ 2IC2V4 2(1 + 7TV2|T|) - V2] eiworanZ(ZIth) 5 eia)grfzrvz(ZtnLt)
- vz ¢ - V2 T
22?2 .
= X201 + aV2r)) — e 2V |giovt Ve (C20)

Using these result, the GV and G® functions are

GO+ ) = [ dndyie+ 0,0+ e+ f0)

2y72 2y72
_ 2V [2(1 _,’_nv2|l.|)_e—ZJert]eiwof—rer\tl n 2k7V 0T =TV 21+

K2V2 . 2
= (1 + V2| |)elot=7VIel (C21)

T

4 2v2
GO, 1) =, (€22)
T

1 _ A 2 ~ - 2 N N
GPt+1,1)=G6Y¢ +)GV(@) + EV dne,(t)e” MO 4 V dngi(t + Ty ()| + |+ r)|2|f(t)|2

+ (f*(t)f(t+f)fdn$,’;(t+r)$,,(t)+H.c.)

<4K2V2)2+ 1 (4riV?)?

2172\ 2
2Vl 4 27V 20 +nv2|1.|)_e—2ant]Ze—27erlr\
2 2 T

T

2 2
" <2K2V2> e—27TV2(2t+1:) n <2K2V2) [2(1 + 7TV2|'L'|) B e—2ﬂV21]8—2ﬂV2(1+f)
b4 T
4c2V2\ 2 2 )
~ ( < ) [1 n %e—mz‘f' + (1 + 7V ])le 2 "}- (€23

The only difference between these results and the correlation functions in the main text is the v, factor. Here GO(t) is the
probability per unit time (¢), while G")(x) is the probability per unit distance (x). The probability to detect one photon is a
constant. The second-order correlation is

7.[2
D) =1+ [—4K2 +(1+ nV2|r|)2]e_2”VZT|. (C24)
2
@) =24 =~ C25
§70) =2+ . (C25)

Here « is very small. Then the szze’z”Vz‘” term from | [ d 17[5,7 (t)e~M¢*+D|2 dominates the behavior of g®(z). As mentioned

before, the photon bound-state term is a major part in ¢,(¢). We can say that ¢ (1) exhibits the correlation signatures of the
photon bound state component.

2. Interaction picture (real-space domain in the weak-pumping limit)

In the real-space domain in the interaction picture, the state is

) = LA+ dnfyd [ dmdiagy, 1,8 8], —He. gy — £ [ dxf(0aTE )+ [ dxidxa(x ,xz)élr(xl)ET(Xz)*Hﬁu|®) (C26)
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where

e _ 1 il;’—oxﬂ—”uizx
dnf,e'™ = 2kVe 7w T 0(—x), (Cc27)

- 1
fo) = V2mv, / 2mv,

_ 1 . . iKV? _av?
TORSES f dmdmdy, et = KV a2 —nlg ey, (€28)
Vg Vg
In the weak-pumping limit, the state can be written as
ly) = 19) + [s* i+ / dxf()a'e’ (x) + / dxldxzq%(xl,xz)e*(xl)eT(xﬁ}mx (C29)

which contains a one-photon state f(x) and a two-photon state ¢(x, x;). Obviously we get the similar correlation functions as
in the last section:

GV = lewIw)? = [F@] + / dxi2¢(x, x1)|?

2 2v2 2 0 4 2v4
— K ezl: x@(—x) +/ d)C] K 5 e
v

TV, —x .

2/c2V2 v, 2c2V2 o ypelve]
= % O(—x) + (2—etg NO(—x) =
nvg vg

®(_x)7
8
4IC2V4 %% |x1
e %
U2
8

G (x1, x2) = [e(x)ECDIY) P = 126 (x1, x2)* = 2lO(—x)O(—xp),

GP(x1,x)  w? _a?
GO(x)GD(xy)  4k2

X1 —x2|

g2 —x) = (C30)

APPENDIX D: CORRELATION FUNCTIONS IN THE SCHRODINGER PICTURE

1. Correlation function for intracavity photons

Here we calculate the average photon number inside the cavity. Let Ft=¢gSatat + f dxfS(x, )atet (x) +
[ dx1dx,dS (x1, x2, )87 (x1)é7 (x2), the state of the system. Then,

[ (1))s = exp [g%ﬁa* +/dxf (x, t)AW(x)+/dxldxquS(xl,xz,t)@T(xl)e*(xz) —H.c.]|®) (D1)

can be written as |/ (¢))s = /' ~F |¢)). The average photon number inside the cavity is
i= (ol aly @) = @lef Fatef F f Faet F gy,

Expand ef Faef'~f =a+[F — F',a]+ LF —F"[F —F",a]]+--- . The first few terms are computed as follows (here
we consider only the weak-pumping limit):

Oth term: a;
Istterm: [F — FT,a] = 2¢5%" +/dxf5(x,t)@*(x);
2nd term: [F — FT, [F — F7, 4]
= [F 285" + / dxfS(x, 1)ét (x):|
= (4|§S|2+/dx|f |2>a+2§ /dx “e(x);
3rd term: [F — FT,[F — FT,[F — FT, a]]]
= [—FT, <4|ES|2+/dx|f |2)a+2§‘ /dx C(x)]
- <4|ss|2 +2/dx|fs|2>2g5aT + (4|»§5|2 +/dx|fS|2) /dxfs(x,t)éf(x). (D2)
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To calculate average photon number, we note that the even-numbered terms can be omitted as (#|a’a|@) = 0. Thus,

2
I aet gy = {%255 + %(4|gs|2 +2/dx|f_s|2>2é§s + %<4|(§S|2 +2/dx|f5|2) 265 4 }aw)

2
+ H + %(4|§S|2+/dx|fslz> + %(4|§S|2+/dx|f_slz) +.-- } fdxf‘s(x,t)a*(x)m). (D3)

Using |$S|2 = /(2/4712 and

from Eq. (C1), one has

b_pt . pi_p 1 1 (3«2 1/32\°
F—Ft A FI_F Ky AT
e ae |@>—'2";" {F—F;(_Z)Jr;(_z) +---}a |@>

11232\ 1 (22> oS ot
+ 1—!+§<?)+§<?) .. /dxf (e 02 (1)

. h 3K : h 2K ~
= zgs%aw)) + %/dxfs(x,t)ﬁ(x)w). (D4)

In the above, we have used the relation

> o' sinh(Ja)
Z(2n+1)!_ Ja o

n=0

The average intracavity photon number is

. i\ 2 . NN
(W o)ataly ) =4|és|2(%) + / dx|f5|2<SIHhI(Tj)) = L inn2 (%)+%sinh2(ﬁ">, (D5)

T
b4

which will exponentially increase with a strong pumping power. This growth is expected to saturate when sufficient energy is
drawn from the pump so that the assumption of an undepleted pump no longer holds.

2. Beyond the weak-pumping limit

For an arbitrary pumping power beyond the weak-pumping limit, all orders of ¥ must be considered. Recall the expression
for ¢.(x) operator,

% d i (xo—x) — 1 26V2\* A . P20 (xo+x) - 1 2y 2\ ot 6
wc(xO)—/ x| e v ;w o Fon_1(x0, x)(x) + ie ;m v—g Fon(xo, x)¢'(x) | (D6)

= [ axt.0600 + WG, 0 . (D7)
First we need to derive a general expression for F,(xo, x) function. Let A = |x — xo| and I" = V2,
—Lixo—x1|— T |y —xp | — o — L oy —x|
F(xo, x) = [dxld)Q ceedxge v TR g B
F_1(x0, x) = 8(x — xp),
Fo(xo, x) = e 2,
Fi(xp,x) = (% + A)e_iA

(D8)
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forn > 1,

Fn(XOa x) =

dxy---dx,_e ~ ol b=y
n—

i, .- _ v
d.xn e ,,gl o—x1l ‘xl —X2 g Xn—1 x‘(Fg+|Xn_] _x|)

Xn—1—x|
+ - + -
|:F (|X0 X1l

— E_Ei /dxl -dx, e lé|X0 Xll—*\xl—le—"'— ‘xn—]_x"
' ndl

Fi(A) = (”g - %i>Fn_1<A).

_r
Then we get an iteration equation for F; (xg, x) function. Given Fy(A) = e * A,

(8= <% Zg ddr><vg

To avoid the integration in numerical calculation, here I write F;, in the form of

n v" 4" —k

—-LA
Fu(A) =) agn——e "
P r«<dr

The coefficients are given by the following equations:

1 2n+1
ao,ns  An+l,n S l——
o okl = 2

1+k—1 1
Ain+1 = —— |Gk—1,n — —<0Qkn
kot n+1 k=t n+1 .

agn+1 = —

with the initial coefficient ago = 1, we have ap, = (—1)"/n! and a,, = (2n — 1)!!/n!, but the arbitrary ay,
calculated in my code. Given a general expression for F,, GV can be written in the following way,

| 2wV
GV (x) = /dxielﬁ(xﬁx) —(—) Fou(x0, )¢ (x)10)
; 2n+1)! Vg

V2 2n+1 2n |
o 2 (xo+x) —
‘/dxe Z(Zn-l—l)'( Vg ) k_oa"’z”

i 1 V2 2”*‘% xo|2"~
2+ 1)\ v, N (r/v)k

=/a’x
=0

=/dx
=0

r\? e |&
= (—) / dx
Vg oo

n=0
) 2
00 o /3211+1 n

=2— d n—k.2n

o Jo yz(2n+1)'za2 kan(=y)*

oo o0 2

r oo ,32n+1
=2— dy —a2n—k,2n(_1)k yk e

ve Jo g y 2n+ 1)

r [ ’ s o
=2v_ dch(l)k e_V—ZU—Zbk</ dyy*e )——Zbk

8 J0 8 k=0 0
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ay,

v, d Vg
n—1dr r

ns

—lx — xol*

2
i 1 2V? 2"*‘%
_ (= w,
2 2n+ DI\ g AT Jyg )k

2
3 262 2"“% —T¥|x — xo|f
T [ ) R ———— "(2 + 1)'

(1 <k<n),

2

Y — x0|2n—k
k
(F/vg)
k r
ZQ\X—XM
2T
23 =l
2T
2ug [x—xo]|

D L l‘fdx o (b= b))

Tl o)1)

(DY)

(D10)

(D11)

(D12)
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Here
M 0 ,32n+1 L
- AN 1 n— n _1 £
Cr n:Xk/:Z ont 1)!a2 k2n(=1)

by are the coefficients of the squared polynomial, and 8 = 2kV?/T" = 2« /x is a dimensionless quantity proportion to the electric
field of the pumping light. In the last equal sign, we used an integral,

n —0Q
nox _ ak ! | o k -2y _ 1 ky _ 1 kg k!
/dxx e = [E (=D o }e +C, /0 dyy'e ™ m/o dyy'e’ = (_2)k+1( k! = SkAt (D14)
k=0

In the code, we only need to use the iteration equations to get the a; , coefficients and do the polynomial operations. Below is the
G'(x) (units of I" /v,) as a function of f in different pumping scales. In the weak-pumping limit, the G' function is proportional
to B2, which is in agreement with the result in last section. Under the large pumping power, G'") function grows exponentially
with B [In[GP (x)] o B].

Similarly, we can calculate the two other integrals in the second-order correlation function

| [ dx®(xg, x)W(x, x)* + | [ dxW*(x}, x)W(xg, x)[*
[ dx|W(xo, X)) [ dx|W(xg, x)|*] '

gP(x0, %)) = 1+

(a) Define I} = | [ dx®(xo, x)¥(x), x)|?

n - 2
N /dx ¢ (XO_X)Z 1 <2KV2)2 Fop_1(xg, x) || ie"™ (xo+x)z (2KV2>2 HF W)
- @)\ v, S (2m+1)' v 2m (X5
o 2n 2n—1 L
1 2KV2 |X—X0|)2n 1—k T
= | [ dx] 8(x = x0) + ( > A2 1— -
[asfsirm 3 (B) S S
ad 2 2m+1 2m N\ 2m—j 2
Z;GW ) Z 2 Ch=x) ™ e
nmo G+ DI, RN NY
0 2m+1 2m i
2cV? P
B Z m-l-l)'( r > Za/2m( |X0—X0|> P
S 2n—1 P
- r \,\ —xo|
A 1—kom-1| ——Ix —x0|> 2 =0
/ |: ZO 2n)! Z ( v, i|
2
r o ‘32m+1 2m . ; g )
X — - Aop— i om __|x _x/ |> Eiﬁ xX—Xx(
R A
F F o0 [es) /32;1 1—1 k _L‘X_x|
= —Iu—}-/dx — Aon—1—k,2n—1 <——|x—x0|> o w0
2
r 0 [} ﬁ2m+1 ( r J ey
X —_— ————Ayy— 2 __|x _x/ |> e 0
”g; mX_;(Zm—i—l)! Jam Vg 0
r\’ o0 r k oo j ) o 2
= (—) Ill +/dy ZC/(CZ) —Xo— Y Zcil) ei‘ﬁx()iylflgxnfﬂ
Ug =0 Ug =
2
F 2 oo F k F j - X X
= (—) Il] +ZZC(2) (1)/ dy —Xo— Yy _x6 —yle \ 0—y|— ‘“g 0=l
K k=0 j=0 RN P Vg
2
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where

e}

132m+1 2m r 2m—j T /|
I = E E aj, 2m< |X()—X(/)|> 67@%7% .
(2m + 1)' Vg

Here the coefficients

o 2n

c,(f)— Z g )'a2n ko1 (= D)F

n= A+l

and
o0 2m+1
(1)

= L — . _1y
Cj —Z (2 +1)‘a2m71,2m( 1)

m_

are functions of 8. The integral f_oooo dy|y|k|U£(x6 —x0) — ylle” 1=l (=)= is a function of (I /v,)|xop — x|, and is numerically
8
calculated.
(b) Define I, = | [ dxW(xgp, x)W*(x), x)|*

2% V2 2n+1 ey [ee) 1 2KV2 2m+1
22 (xp+x) =i (xptx) /
I, = dx|ie' F,(x0, x —ie w0 —_—— B (xp, x
’ ‘/ [ Z(2n+1)'( Ug ) n(0,0) mX_;(zm+1)z< Vg ) 2n (%, %)
00 2n+1 2n _
2%V? (=lx =xD™ | ey
e Sarm() T S
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d n—k2n\ — - K 0
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r & 132m+l 2m r J r 2
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& ‘32n+1
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2

r o o ﬂ2m+1 r J Ty
— E E A . Iy — % vg X %0
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=l _J
Jj=0 =1
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2

r J— Ly —
—lagX0=yI=l ;%=

J

/
—xp—y| |e
Vg

k

!
~x —y
0
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-I1L g 0—YI— I,,qxo =yl
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2

2| o0 o0
> r O
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Vg 5 oo Vg

The calculation is similar to I, with the coefficients

o0 ﬁ2m+l

1 _ J

¢’ = ———ayy—jom(—1).

j Z (2m n 1)' 2m ],2m( )
m=1

Based on these results, we are able to numerically calculate the correlation functions.
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APPENDIX E: QUADRATURE PROPERTIES
To evaluate the variance and spectrum of quadrature, we first calculate the following quantities:
. . NP . o R R
(Chtar Cartor) = (Dle" T lanrwre” T 10) = (010 (@)P()1H), (E1)

where £T = —2ikV? [ dw—Twel el and p(w) = e e, e . As the two-photon amplitude contains a § function
in the dimer coherent state, “the @ (w) operator can be simplified as

o) = & T eppne’ T = Gy +IF — ET, ] + il FUIF —F% Gl + -+, (E2)
A r r 2
oA i 2 At At . af _ : of
[FF = F, eupiy] = 2ikV /da)—wz T (6]l Conin] = —4ikV:—— oL =205 ey LN (E3)
p_pt ot 2 r AT v L ; rro.
[F —F s Cwo_n] =2ikV da)m[cwo+wcw0 s Cu)g ,]] =4ikV mcw(ﬁ_ﬂ = Zlﬂmcwo_M, (E4)

where 8 = 2« /. Using the above commutator relations,

R A [ 2pT2 1/ 2872 \°. 1 28T\ .
®(n) = Coytn — 7+ IER) Copn Tt 21 7 + 2 Cag+y + 5(_1) 7 + 2 Caog—n T -

. L] 2812 \* 1/ 2812 \*

= Covt +E n?+I? +Z n?+I? o

2872 1/ 2872\ 1/ 2872\
—tan( o ) Pl ) talas)
n7?+T 3\ +r si\n2+T
2672 1\ . 2872 1\
= cosh (m)cwmtr] — i sinh <m Cw()*’l’

s 2812 28T2 \ |
%) (]’]) = C()Sh 7]2 T F2 w0+7] —+ i s1nh m Cwo*ﬂ‘ (ES)

In terms of the ¢(n) operator, the covariances for creation and annihilation operators are given by

(€5 s s Conrr) = (10T (@)@ () 10)
. ( ﬁF2
= i sinh

= sinh? ( )
T 2 ﬁ 2 /
(Cwo+a)’ CwOer,) = cosh <m>6(a) —w ),
. . . 2817 2p1?
(CwOer, ngJra)’) = —isinh (m) cosh ( 3 T 8( +w )

. . . 28T pI?
(G C:[)o+w’) = isinh <m> cosh <T 8w+ o). (E6)

The normal-ordered quadrature variances with two modes can be computed:

2B12 A At
()] mh( b (@|cw0,wcw0_w,|@)

< Xl (0)() + a)) Xl (CO() to ) ( <Cw0+wv CA“‘)OJF“)/> + ei0(6(10+w’ 6Z)o+w’) + <éz)0+w’ é\“‘)(ﬁ”“’/) + (EZ)[H-ID” 6"UOJF“’))
e 2812 2812 , . 2812
= |: —e 9)s1nh (m) cosh <m>8(&)+w>+2511’1h2 <m>8(a)—a)’)i|

4

1 (287 : 2p17 2pT? /
:5 1nh<m>|:—2smecosh<w2+r)8(w+w)+smh< T >8( a))].
(E7)
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The normal-ordered variance of the full-bandwidth quadrature and the spectrum are

o e 1 ,3 2
(X1, X1:) = f do— |: 2 sin 6 sinh (—
4 +

o0

© r (2B 28
=T dx—| —2sin 0 sinh [ ——— ] cosh
o 4 x24+1 x2 +
1 ,3 2
—2sin 8 sinh cosh
4 +1I?2

Si(w): =

As the coefficient | dx sinh(
following results:

© 1 . 28
(Xl,Xl) r dx—| —2sinh
4 X2+

) cosh(

2+1 ’+1

(o]

Si(w): =

N

:51(0):

APPENDIX F: COHERENT STATES
OF PHOTONIC DIMERS

At well above threshold, the steady-state photon statistical
distribution is Poissonian, and the state of the optical field
of the laser output is a coherent state [18]. The single-mode
coherent state |«) at frequency w has the form

la) = e’ € | @) (Fla)
a2 ad Oln
=e 2 F1b
e go = (F1b)
AT\
ln) = %lm, (Flc)

where |n) is the n-photon Fock state and the complex number
« is an eigenvalue of ¢,,. The commutator of the mode creation
and annihilation operators takes the form [é,, 62),] = Op.w
(Kronecker § function). As the dimer requires a finite band-
width to form, and also for the mathematical convenience, in
the continuous frequency w limit (which is the same as the
large-volume limit), we obtain the following various expres-

sions: [¢,, éw] = §(w — ') (Dirac § function), and
@)

n(w)) = —2—10), F2a

@) = ) (F2a)
(n(w)|n(@)) = 8(w — "), (F2b)

8 _ /
Cy|n(w)) = ﬁ%l(ﬂ — D(w)) forn=1.

(F2¢)

Here the normalization factor A, =

[ dxe Vs /(27T v4)| =0, Which is proportional to the volume.
Based on the definition in Eq. (F2a), the number state of
photonic dimers can be similarly defined as

(b (uyym

[ng(p)) = W

|4). (F3)

2B1? > [ 2BT?
)COSh<a)2+F2) + 2 sinh <w2+1“2):|
. 2p
1) + 2 sinh? <x2+ 1)} (E8)

28T? , [ 2BT?
(m)“ b <w2+r2)]' )

) > 0, the maximum squeezing occurs in the direction & = 7 /2 and thus yields the

2
) cosh < p
1 x4+
1 28T? 28T?
—| —2sinh '3— cosh 'B—
(1)2 + 1“2 a)Z +

= % sinh (28)[sinh (28) — cosh (28)] =

28 L T
2sinh® [ ——— || =T —(e 21 —1 El
1>+ (x +1)} /oo dug(ensi=1). (E10)
2812 1 r?
)+2sinh2 <w2’i r2>] = Z(ezf‘z’lrz - 1), (E11)
1
Z(e*“ﬁ —1). (E12)

(

In the BEC limit, it can be shown that the dimer number
states have the following properties which are the natural
generalizations of the single-photon number states:

(na()lna(u')) = 8(u — 1), (F4a)
N P —u
b ) ng () = \/—nd%md — 1(n)). (F4b)

We note that the relations in Eqs. (F4) hold only in the
BEC limit while the definition of the dimer number states in
Eq. (F3) always remains valid.

The photon counting rates are determined by the relevant
field averages. For example, the first-order photon counting
rate for an n;-dimer Fock state in the BEC limit is proportional

nd(M)|// dwd ' & ¢, |ng (1))
! And — ot @Iy / / dwda'&e. (b (1) ~19)

) m<@|<13<u>>"d-1<13*w>>"d—'|@>
d — TAY

+ (g = D) / / dodw & 2 l(ng — ()

As expected, the first-order photon counting rate for a Fock
state of dimers is twice the number of the dimers. Following
Glauber [1], here we assume an ideal photon detector that has
a negligible size and a frequency-independent photoabsorp-
tion probability (quantum efficiency is 1).

The second-order correlation for an n,-dimer Fock state in
the BEC limit is given by the following average:

GP(x,x +d) = (ng()|e" ()& (xg)e(x + d)ex)|ng ()

ng ng(ng — 1)
—4(d _
TV, @)+ 7T2U§Ax

(Fo6)
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where d denotes the relative distance between the two de-
tected photons (i.e., d /v, is the difference of the arrival times
of the photons). The first term describes the probability of the
detection of the two photons from the same dimer, while the
second term describes the detection of the two photons from
different dimers.

Thus we are motivated to introduce the coherent state of
the dimers in the BEC limit. The mathematical definition, not
surprising, parallels to that for single photons. Possible phys-
ical realizations of the dimer coherent states will be discussed
in the following sections. The single-mode coherent state of
photonic dimers of total frequency u is defined as

wz i B
WZ_O Ww(u», (F7)

which is characterized by a complex parameter 8. The follow-
ing field averages can be calculated straightforwardly:

(ﬂlf/ dodw'e}é.,|B) = 2IB,

GP(x,x+d)=

(F8a)

(Ble"()e" (x + d)e(x + d)e(x)|B)
18I Bt

= —9 .
TV, @+ 2v§AX

(F8b)

The average photon number for a dimer coherent state |3)
is 2|B|%, a result that is similar to that for a single-photon

J

(na()1e" ()e" (x 4+ d)e(x + d)e)ng (1)) = (na (1)l [ dxydx; - - - dx,,
x T ()" (x + d)e(x + d)e)e (e (xr) - -

= (nd(M)I/dxldXz~--dxnd

i=1

ng ng

+ 30D 48— x)dx +d — xpet ) -

i=1 j=1,j#i

(Z 28()8(x — x)e" (et () --

coherent state. The dimer coherent state, by construction, also
has a Poissonian distribution of the number of dimers. The
second-order correlation has a peak at coincidence d = 0 due
to the single-photon contribution from the same dimer, and is
proportional to the “intensity” |8|?; the background value is
due to the due to the single-photon contribution from different
dimers and is proportional to the square of the intensity.

For a general optical dimer field described by a density
operator p, the field correlations in the BEC limit are obtained
by augmenting the above expressions by taking the trace of the
product of p and relevant photon operators.

APPENDIX G: SECOND-ORDER CORRELATION
OF PHOTONIC DIMER NUMBER STATE

When we apply coincidence measurement to a light pulse
containing multiple photonic dimers, the result correlation
curve records the probability of detecting a second photon
relatively to a first arriving photon at the photodetector. Intu-
itively, the strong bunching nature of photonic dimers and the
independence between different dimers should yield a with an
intense peak near relative distance between detected photons
d =0, or even a Dirac delta peak under condensation limit.
In the following, a calculation provides the mathematical evi-
dence:

o v PRty )
(zm)nd( NN
E (50) ()9

L (xp+xotxs+.. Ay, )

€ vg

(2\/ nAng)n” (\/A_x)n”_l \/ﬁ
&" (e, )& (xn,)

& )" () |19). (GD)

The first term in the parentheses above denotes that the two detected photons are from a common photonic dimer. By

summarizing all the possibilities, it can be further calculated as

"

l X

25(d), nd<u>|Zz Nz

=28(d)( nd(ﬂ)|z\/7
x nq
= 28(d) nd(M)|Z\/2 TUA nd/\/277 Vg

o Gyt

\/(nd — DAy =

b ()| (ng — 1)(w))

B () (g — D)

() B ) ndd) [ e ()
—n—vg/ T | 0y = 1wy = "2 fdue b=y = M G2)
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The other term in Eq. (G1) denotes the case where the two register photons are from different photonic dimers. It only exists

when the dimer number n; < 2, and it yields the result

) D B g )
i1 j=1, i 2V Avi/na(ng — 1) * \/m
K(2rtd) dwdp” i oerdy-itte-it? cera)
—4 _1 X l x l X bT b1 " _2
vy oy | et (W)l = 2)00)

_ Nnalng —1) // A dp e O i it (x+d)vnd(nd

T va

_ng(ng —1)
nzngx

— 18 — 1) (g — )Wl (g — 2)(w))

X

(G3)

Clearly, the result in Eq. (G3) is an infinitesimal value compared with that in Eq. (G2). Because different photonic dimers are
uncorrelated, the probability of detecting two photons from two dimers is uniform throughout the entire space, giving a value
of 1/A,, while the probability of detecting two photons together is extremely high because a peak due to the strong bunching
nature that two photons always register the photodetector simultaneously when a photonic dimer arrives at it. We note that the
results in Eq. (G2) and Eq. (G3) will be slightly different by a normalization factor 1/A, for n; = 1 and n; = 2, respectively.
It is due to the definition that vacuum normalizes to 1, while the physics is the same as the probability of detecting two photons

from different dimers is zero or a higher-order infinitesimal value.
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