PHYSICAL REVIEW A 108, 053703 (2023)

Analytical approach to higher-order correlation functions in U(1) symmetric systems
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We derive a compact analytical solution of the nth-order equal-time correlation functions by using scattering
matrix (S matrix) under a weak coherent state input. Our solution applies to any dissipative quantum system that
respects the U(1) symmetry. We further extend our analytical solution into two categories depending on whether
the input and output channels are identical. The first category provides a different path for studying cross-
correlation and multiple-drive cases, while the second category is instrumental in studying waveguide quantum
electrodynamics systems. Our analytical solution allows for easy investigation of the statistical properties of
multiple photons even in complex systems. Furthermore, we have developed a user-friendly open-source library
in Python known as the quantum correlation solver, and this tool provides a convenient means to study various
dissipative quantum systems that satisfy the above-mentioned criteria. Our study enables using S matrix to study
the photonic correlation and advance the possibilities for exploring complex systems.
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I. INTRODUCTION

The correlation function is crucial in various fields, in-
cluding condensed matter physics [1], statistical physics [2],
and quantum physics [3]. Correlation functions are partic-
ularly in quantum physics for characterizing the statistical
properties of light. Specifically, they play a vital role in de-
veloping various quantum devices, such as scalable coherent
single-photon source devices [4—6], nonreciprocal quantum
devices [7-11], and two-photon devices [12], which are essen-
tial for quantum information processing [13,14] and quantum
engineering [15].

The second-order equal-time correlation function (ETCF)
is the most straightforward and typical example used to de-
scribe the statistical properties of light. The value of the
correlation function characterizes the photon-number statis-
tics of light. For instance, when the correlation function is
less than one, it describes the sub-Poissonian photon-number
statistics [16,17]. While it is more than one, it charac-
terizes the super-Poissonian photon-number statistics [3].
Similarly, higher-order ETCFs can be utilized to reveal spe-
cific effects like photon-induced tunneling and multiphoton
blockade [18].

However, despite being simple open quantum systems with
nonlinearities, such as a two-level atom trapped in a cavity or
an optical resonator with Kerr-type nonlinearity, the analytical
computation of higher-order ETCFs remains challenging. So
far, several effective methods have been proposed to address
this challenge, such as the master-equation method [19-21]
and quantum-trajectory approach [22,23]. The common fea-
ture of the above methods is that nth-order ETCF is treated by
numerical calculation. Notably, the analytical solution is more
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intrinsic, and scattering matrix (S-matrix) methods [24-38] al-
low us to resolve the problem by treating the low-dimensional
system, such as quantum dots, superconducting qubits, and
atomic ensembles, as a scatterer or potential field for the opti-
cal fields and attempting to relate the incoming and outgoing
optical fields [39].

In this paper, we theoretically demonstrate that for a large
class of open quantum systems satisfying the U(1) symme-
try under a weak coherent state input, the nth-order ETCF
could be described entirely by the n-photon S matrix. Sub-
sequently, we give the n-photon § matrix for arbitrary input
and output channels, and the S matrix completely depends
on Green’s function. In order to further calculate the S ma-
trix, we prove that the time-ordered Green’s function can
be exactly computed by using an effective Hamiltonian that
involves only the degrees of freedom of the system without
the part of environments which has an infinite number of de-
grees of freedom. To proceed, we focus on studying a system
that respects the conservation of the total excitation number.
Therefore, the effective Hamiltonian could be decomposed
into a block-diagonal form, and the annihilation operators and
creation operators of the system have a similar matrix form,
i.e., block-upper and -lower triangular forms. As conclusions
above, we first define a probability amplitude of equal-time
probing multiple photons and give the concrete expression.
Therefore, we derive a compact analytical solution of the nth-
order ETCEF, and the analytical expression ultimately depends
on the probability amplitude we defined. Moreover, the com-
pact analytical solution can be extended from the single-mode
coherent drive to the multimode coherent drive and from the
different input and output channels to the same. As a result,
the former provides a different way to study the dynamical
photon blockade phenomenon [40,41], and the latter opens up
a different path to explore the waveguide quantum electrody-
namics system [42].

©2023 American Physical Society
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The paper is organized as follows: In Sec. II, we introduce
a total Hamiltonian including system and environments, and
then prove the equivalence of two types of nth-order correla-
tion functions. In Sec. III, we derive the n-photon S matrix and
the effective Hamiltonian. In Sec. IV, we define a probability
amplitude of equal-time probing multiple photons in order to
acquire the compact analytical solution of nth-order ETCF. In
Sec. V, we study the effect of two categories corresponding
to different and identical input-output channels, respectively.
The former further divides into four cases, i.e., one to one
(in Sec. VA), many to one (in Sec. VB), one to many (in
Sec. VC, and many to many. The latter is described by
Sec. VD. Finally, in Sec. VI, we calculate three examples and
give the concise analytical solution of the first example as a
representative case for illustrating the versatility and validity
of the analytical solution.

II. EQUIVALENT MODEL

We first consider a generalized open quantum system sat-
isfying the conservation of total excitation number, which
means that the U(1) symmetry is satisfied. For the sake of
simplicity, the system Hamiltonian on which we focused is
represented by Hgys{ox}, where the notation {0y} indicates that
the system of interest comprises several local system modes.
Subsequently, we introduce the symbol NV to represent the to-
tal excitation number operator of the system, and the operator
commutes with the system Hamiltonian, i.e., [Hyys, N1 = 0.
Finally, without loss of generality, we assume that each local
system interacts with one or more individual heat baths (de-
faulting to two), and the interaction Hamiltonian H; between
the system and the heat baths does not break the U(1) symme-
try. Consequently, the total Hamiltonian H,,, involving both
the system and the heat baths, is defined as (i = 1) [43]

Hio = Hsys{ok} + Hg + H; with

Hg = /da) Z w[b(@)be(w) + cf(w)er ()], W
k

Hy = / dew Y [Epxb(@)ox + & (@0 +Heel,
k

where &, (£.x) denotes the coupling strength between the
heat bath with mode by () [cx(w)] and the kth local system,
and is assumed to be frequency independent. o, represents a
lowering operator of the kth local system that is assumed to
commute with the heat bath modes, e.g., by (w) and b}; (w). In
this section we assume oy to be arbitrary. In practice, o; can
be a bosonic annihilation operator describing a cavity mode
or a lowering operator for the two-level atom. b (w) [bi(w)]
and ¢ (w) [cz(a))] both are bosonic annihilation (creation) op-
erators of the heat baths coupled to the kth local system. Note
that the subscript k only is used to label the local system and
the corresponding heat baths, and in some specific models we
also do not necessarily introduce the subscript. Meanwhile,
the operators also satisfy the standard commutation relation

wve bl ()

Notice that the Hamiltonian Hy in Eq. (1) is a linear interac-
tion. For the case of a class of nonlinear interactions satisfying

[m(w), 1)1((1),)] = 8m,18u.v8(w - w/),

the U(1) symmetry, the specific discussions are presented in
Appendix E.

To proceed, we introduce a laser coherently driving to the
ith local system described by Eq. (1), and the corresponding
Hamiltonian is given by

Hy = (Qfoe™" + Qi():fe_i‘”‘”), 3)

where €2; is the driving strength with |2;] — 0, and w, is
the driving frequency. In physics, the driven process could be
viewed as a coherent state input to the local system through
a heat bath coupled to the corresponding local system [37].
After tracing over the heat bath degrees of freedom, the evolu-
tion of the reduced density matrix p; is given by the Lindblad
master equation [44,45]

dIOS = _i[Hsys + Hy, pv] + Z(Kb,k + Kc,k)D[ok]p.va (4)

dt .

where kpx = 27|Ep il kex =27 |Ex)?, and Dlalp =
apa’ — {a'a, p}/2.

Notice that Eq. (4) corresponds to the result of a zero-
temperature limit (i.e., ng, = 0) due to the fact that all heat
baths are initially in the vacuum state, rather than thermal
state. Now, according to the Mollow transformation [46], we
can take off the driving term [i.e., Eq. (3)], but the initial
state of the heat bath coupled to the ith local system must be
replaced from the initial vacuum state to a coherent state. The
heat bath mode can be b; or ¢;. For convenience, we choose
b; as the heat bath mode, and the corresponding heat bath
is defined as an input channel. Similarly, the heat bath with
mode c; is naturally defined as an output channel. Notice that
the choice of b; and c¢; depends completely on the system
we focus on and the physical quantities we calculate. As a
consequence, the input state (i.e., the initial state of the total
Hamiltonian) can be written as [37]

= /3;l (n)\bi
in) = A — | 0 , 5
|¥in) n§:0m| o) @ 1005 ® |2) (5)

where [W")5 = b"(w4)/+/n!|0), which denotes the Fock
state of n photons with frequency w, in the input channel, |0)g
represents the vacuum state of baths except the mode b;, and
|g) is the ground state of the system, i.e., Hyys|g) = 0. Here, B;
is the coherent state amplitude, i.e., 8; = 2;\/27 /kp;, and A
is the normalization factor. In this paper, the coherent state is
abbreviated to |8)% ., i.e., [¥in) = |81) ®10)s @ |g).

Based on Egs. (1), and (5) and scattering matrix (S-matrix)
methods, we strictly prove an equation in Appendix B which
relates the Lindblad master equation to the S matrix through
the nth-order equal-time correlation function (ETCF) of jth
local system

(Woule] (OGOWou)  Tr[0]'dpy]
(Youle] (e ;)1 You)"  Tr[o}ojp5]"

where c¢;(t) is the inverse Fourier transform of c;(w),

ie, cj(t) = [do/V2me @ cj(w) = F  [cj(®)], and py
denotes the steady-state density matrix in Eq. (4). We con-
struct a link between the input state and output state through
the S matrix, i.e., |Your) = S|¥in), wWhere S is the scattering
operator [27].

g1(0) = (6)
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Therefore, we connect Eq. (4) with Eq. (1) through the
correlation function. That is to say, when we compute ETCF
for some complex models with large dimensions of Hilbert
spaces, we could replace the master-equation method with
a more effective method, namely, S matrix, and then take
advantage of Eq. (6). Note that the method is not omnipotent.
For example, it is not applicable in strong coherent driven
situation and the case where the U(1) symmetry is not satis-
fied. On the contrary, it is highly reasonable to consider many
models that satisfy the U(1) symmetry and involve a weakly
coherent drive in quantum optics.

III. SCATTERING MATRIX AND EFFECTIVE
HAMILTONIAN

In the above description, we have mentioned the scattering
operator S, which is used to connect the input and output
states, and the operator is equivalently written as § = Q' Q.
[47,48], where Qi = exp(iHt+)exp(—iHpty) with 1L —
Foo, called the Mgller wave operators. Now, we consider
n photons scattering processes: n photons incident from the
input channel u = (u, U2, ..., i,) with frequencies of k =
(ki, ko, ..., k,) each, are scattered into the output channel
v = (v, vy, ..., V) with frequencies of p = (p1, p2, - -, Pn)
each. According to the physical significance of the scattering
operator, we define a generalized n-photon S matrix with
elements of the form

Slw Puikioky Y <p1pn|S|k1kn)/4

= (0| []‘[ w(pl)}s[]"[ u}(kn} 0), ()
=1 =1

where |k ...k,) denotes the n-photon input state with fre-
quencies k, |pj...p,) denotes the n-photon outgoing state
with frequencies p, and p and v represent the input and output
channels, respectively.

Following the standard procedure [27,43], we obtain the
input-output relations

Miou(t) = Wiin() — iop.,-(t):
1)j,oul(l‘) = Vj,in(t) - iou,-(t)’

where the input operator satisfies the commutation relation,
ie., [1iin(), v}'in(t/)] = 8,,0,6(t —1'), and o, represents the
annihilation operator of local system, which interacts with the
channel ;. Then, combining with Egs. (7) and (8), we have

Sor. sk, = (Ol [H vy out(pl)i| |:1_[ I ln(k,)} 10), (9)

=1

®)

where ;in(k) and v on(p) are the Fourier transformation
of wyin(t) and vy o (t), respectively. The specific calculation
details of Eqgs. (8) and (9) are presented in Appendix A.

To calculate the S-matrix element analytically, we need to
first derive the time-domain S-matrix element

St vy = (01 []‘[ V1 out(t] } []‘[ u;mm)} 0), (10)
=1

which is the inverse Fourier transform of Eq. (9). Sub-
sequently, following Ref. [31] and Eq. (8), the n-photon

time-domain S-matrix element (10) is given by

n
Sflfvr’ el Z Z ZG#DMUBM (tg,:1p,)

m=0 B,,,D,, P,

n—m

<T1 i

where the time-ordered 2n-point Green’s function is defined
as

’
Ipe(s) = IPLD%(S))(S”BM) Mhnmm] (1D

G* (i3, 310,) = (—1>"<0|T[1"[ ovl(r,’)oL,(rz)}w), (12)

=1

where 7T is the time-ordered symbol. In the expression above,
B,, (D,,) is a subset with m elements of {1, ..., n}, its cor-
responding complementary subset is denoted by B¢, (D),
By, (s) [Dn(s)] represent its sth element, and P.D{, is per-
mutation over the subset Dj,. >, and ) , represent a
summation over all subsets with m elements of {1, ..., n}
and all possible permutations P. of Dy, , respectively. Besides,
we use the shorthand notations tB {t li € By}, tp, = {t,|z €

Dy}, vg, = (vili € By,), and up, = (u;li € D,,). Dueto B, =
D,={1,...,n},wehave p = up, and v = vp,.

For the case of different input and output channels, i.e.,
Vi, je{l,2,...,n}, u; # vj, the n-photon § matrix is equal
to the 2n-point Green’s function due to the presence of coeffi-
cient 8y, ,;, i.€., S‘“’t gty = = G"(tp ;1p,). For the other case,
ie,3di,je{l,2,...,n}, u; = vj, the n-photon S matrix can
be expressed as a sum over all possible products of a single
Green’s function and § functions [see Eq. (11)]. In effect, the
n-photon S matrix of the two cases can be explained by an
intuitive physical process: if the incoming »n photons from one
channel are scattered into another, all photons must first enter
the local system before being scattered into another channel,
and it means that this term containing “bare” § functions
in Eq. (11) will disappear. Conversely, if some of the input
channels overlap with the output channels, some photons
may bypass the local system but do not change themselves
frequencies, i.e., 3(;,;;.”“) Ip.pc (5)), freely propagating from
the input to output channel, i.e., vg:(s) = Up.pec(s), thereby
naturally allowing the presence of “bare” § functions.

Finally, considering the infinite multiple degrees of free-
dom for heat baths, we have to seek an effective Hamiltonian
which only contains the local system part (Hsys{ox}) to replace
the total Hamiltonian H,. In effect, the time-ordered Green’s
function is precisely computed by the effective Hamiltonian,
not the whole system, and the derivation is presented in Ap-
pendix C. The main result is

G" (15 3tp,) = G*"(t}, 3 1p,) (13)
where
G (th:tn,) = (1" @I T| [ [on )3l @) 1), (14)
B,>!D, 8 v ), 8)>
I=1
with operators

bvl(t) _ H 0\1[ H 15
[5L/(t)] = exp(i efft)l:ojui| exp(—iHegt ), (15)
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where

Hefr = Hsys{ok} -

i ;
3 Z(Kb,k + Kex)OjOr (16)
k

represents the effective Hamiltonian of the total system. We
prove the effective Hamiltonian in Appendix C. The effective
Hamiltonian also commutes with the total excitation number
operator, i.e., [Hegr, N1 = 0. Hence, we convert the effective
Hamiltonian to a block-diagonal form and the annihilation
operator to block-upper triangular within the total excitation

space: Her = diag[Hé?t), Hé}f, ng), ...]and
[0 0 0
_|o o o
om =10 0 0 '
"0 0 0
OTMk 0 0
o 0,1
°uw =1 o ojf‘; 0 an
|
ikt n
() =
i
where Ko(n) = —ilH® — w — i0*] ﬁ'? M; =
w eff ’ j=1""J

M, .. .MM, ﬁylej =MM,...M,, and ky represents
the total frequencies of n incoming photons, i.e.,
kot = Z =1 k;. The other symbols have been defined above,
such as B,,, Dm, and P.. Note that PD,, is permutation over the
subset D,,, and ), represents a summation over all possible
permutations P of D,,.

V. CLASSIFICATION BASED ON INPUT AND OUTPUT
CHANNELS

This section delves into the physics that arises from clas-
sifying based on input and output channels. The classification
can be divided primarily into two categories. The first cate-
gory consists of different input and output channels, which can
be classified into four cases: one-to-one, many-to-one, one-to-
many, and many-to-many relationships between the number of
input and output channels, as shown in Figs. 1(a)-1(d). Here,
we will concretely introduce the one-to-one, many-to-one, and
one-to-many cases in Secs. VA, VB, and V C, respectively.
Similarly, the many-to-many case could be simply obtained
by combining many-to-one and one-to-many cases.

The second category consists of the same input and output
channels and applies mainly to waveguide quantum electro-
dynamics (QED) [42,49-54] systems. This emerging field fo-
cuses on the interaction of propagating photons with quantum
dots [55-57], superconducting qubits [58—62], or nanocavities
[63—66]. We will discuss this category in detail in Sec. V D.

Here, the projection of the effective Hamiltonian on the ith

excitation subspace is denoted as He“, and the projection of

the annihilation operator o, onto the direct sum of the ith

and (i + 1)th excitation subspace is denoted as O/} .

IV. PROBABILITY AMPLITUDE OF EQUAL-TIME
PROBING MULTIPLE PHOTONS

Inspired by the concepts of path integral in quantum me-
chanics, we define a probability amplitude of non-equal-time
probing n photons, i.e.,

P, . ty) = m[]‘[w(n)} [Hul(kz)}lo

—1k
_Hfm Sy (9

Notably, the probability amplitude closely relates to Eq. (7),
and it represents the probability amplitude of non-equal-time
probing outgoing n photons with frequencies k. Subsequently,
in order to calculate the nth-order ETCF, we use a short-
hand notation for equal-time probing case, ie., P*'(t) =
P (¢, ...,t). We analytically derive the probability ampli-
tude in Appendix D, which is

e VB (j m PDm(j i
- T2 = (Mo |[[Tes 00 el 09
m=0 Dy, By, P.

s=1

A. Single input and single output channels

In Sec. I1, we have introduced the representative one-to-one
case. Thus, for the incoming n photons, we have u = (b;)",
v = (c;)", and k = (wq)", where the superscript n represents
repeating number of each element in the list, e.g, (b;)*> =

FIG. 1. A concise schematic of input-output channels coupled
to a system described by the Hamiltonian H,y{ox}. (a) Single input
channel and single output channel. (b) Multiple input channels and
single output channel. (c) Single input channel and multiple output
channels. (d) Multiple input channels and multiple output channels.
The cyan arrow represents the incoming coherent state within the
input channel b;, the red arrow represents the outgoing state within
the output channel c;, as indicated by the direction of the two arrows,
and «;; and k. ; are the corresponding decay rates.
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(bi, b;). The corresponding input-output formalism can be
written as

biou(t) = biin(t) — iop, (1), (20)

Cjou(t) = ¢jin(t) —ioc; (1), 21

where op, () = /kp;0i(t) and o.,(t) = /K. jo;(t). Notably,
the only nonzero term is for m = n in Eq. (19); therefore, the
probability amplitude of equal-time probing n-photon could
be further simplified as

P (t) =nlg" |:1_[1 101 11]|:1_[1 1 Ia)d(l)ol 11} (22)
where & = /Ky, ik j /21 exp(—iwgt).

Then, the nth-order ETCF (6) under a weak coherent drive
is given by

P @) /nt|?
|le(l)i2n

_ ![ﬁ}g O MM Ki 001 I
04 /651 (10},

870 = Jim ¢77(0) =

(23)

Besides, an essential physical quantity, namely, single-photon
transmission, is

(Wout|c (t)cj(t)“ﬂout)

T = lim : =2m [P
|B:1—0 <I/fm|b @)bi(t)|V¥in)
= Kb,iKc,j|0t’),1’C;d (1)06f1| . 24)

The detailed derivation procedure is provided at the end of
Appendix D.

B. Multiple input and single output channels

According to Eq. (7) structure, the S-matrix elements are
formally the same to the two categories, but the difference is
their superscripts: © and v. Since the possible scattering paths
of multiple photons present multiple choices when multiple
input and output channels are present, so each scattering path
corresponds to a unique w and v in terms of the S matrix.
For example, in the one-to-one case, n photons can only
be injected through a single input channel b; and scattered

J

into a single output channel c;, so the possible scattering
path of n photons is only one, i.e., u = (b;)" and v = (¢;)",
where the number of elements both are n. Meanwhile, the
frequency of each incoming photon is naturally determined
when wu is determined, i.e., incoming n photon frequencies
k= (ki,ka, ..., ky).

As shown in Fig. 1(b), there are multiple input channels
where each channel is injected with a coherent state, and the
input state can be written as

[Win) = []‘[ 181} }o Bl2). (25)

where |0)p represents the vacuum state of baths except for
multiple input channels, and m is the number of channels
injected coherent state. According to the Mollow transforma-
tion, the coherent state input is equivalent to the Hamiltonian,
namely, a multimode coherent drive

i *Olezu)/t +,310Te—lw,t
=1 1/27T/Kb,1

On the one hand, we note that the Hamiltonian Hys{ox} +
Hj; is always time dependent when these driving frequencies
are not all identical (i.e., 3k, I, wy # w;), and its reduced
density matrix also is time dependent even after long-time
evolution, i.e., ps(fo 4 1)|i,—+o00 7 Pss- On the other hand, the
Hamiltonian can be transformed into a time-independent one
by selecting an applicable rotating frame when all driving
frequencies are identical, and we have po,(fo + )], 4100 = Oss-
As a result, Eq. (6) needs to corrected slightly to apply simul-
taneously to both cases, i.e.,

(Youle]" () (O) [ You)
(Youl(0)e; (O Pou)"
Tr[o'd" ps(t0 +1)]

— — . 27
Tr[ojojps(to + 1" > 400

(26)

g =

From now on, we assume 8; = n;6; for all /. According
to the discussions above, the computation of nth-order ETCF
under the weak coherent state amplitude (|8;] — 0) is as
follows:

g = lim ¢l =

In the first step above, we redefine Eq. (27) under the m
weak coherent state amplitudes. In the second step, we first
take advantage of Egs. (18), (25), and (27). Then, we define

the summation Zl(f’m) and combination coefficient c,. Here,
Z(" " represents a summation over all sublists with n ele-
ments of (by, by, ..., b,)", and ¢, = [[}_ 1[772”(2”)/1,1(1)/()!],
where z,(by) represents the number of b; in list wu.
For example, when n=2 and m =2, there are three

ey 2
| > Py, | [T 0 ]2 e i K o W D0 ]| 08)
1,m v 2n = i _
NZL 'P! (®)cy| |O(J),1Zx.=1 ]wal(l)oo,1|
[
corresponding sublists = (b))?, ws = (b))%, 3 =
(b1,by), and Zm(bl) = Zuz(bZ) =2, Zul(bZ) = Zuz(bl) =
0,z4,(b1) = z4,(b2) =1. In the last step, we use the

probability amplitude expressmn (19), and define the time-
dependent symbol, i.e., O, =2 1[77,0;”’1 e s .
We find that the result of Eq. (28) applies to the two cases
above. Meanwhile, for the case of w; = wy, for all j, ie,
the frequencies of all incoming photons are equal to wy, the
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nth-order ETCF could be further simplified as

— . o

|[H7=10f 11][1—171 Zw,(l)z 1'7101Tb11]|2
0 K1) Y, o)™

=g1(0). (29)

g =

Similarly, the single-photon transmission is given by

i (Youlc (0)e; (O ou)
BI=0 S (Wi |b] ()b in)

— |O{)1’C (1)2 177102L)h1| (30)
“ Z,’=1 |7h|2

Note that n; = 1. As expected, when n; = 0, for i > 1, the
multimode coherent drive becomes back to the single-mode
drive, and Egs. (29) and (30) also are in agreement with
Egs. (23) and (24).

In conclusion, we study multiple input channels because
they provide significant advantages in some physical prob-
lems. More specifically, when studying a conventional photon
blockade model [67-70], such as the widely studied nonlinear
system of a cavity filled with Kerr material [71,72], achieving
a near-perfect photon blockade effect is crucial for quantum
information processing and quantum computing. However,
this needs a strong nonlinearity without other improved ap-
proaches. Based on the theory of multiple input channels, the
nonlinearity strength required significantly decreases [41] for
the same strong photon blockade. The reason is that multiple
input channels lead to multiple possible scattering processes
for the outgoing two photons, and the probability amplitudes
of these processes can interfere destructively. Consequently,
the conventional photon blockade model enters the unconven-
tional photon blockade [73-76] region through interference
between multiple input channels. Note in this model that we
need to use the dynamical correlation function (28) to study
dynamical photon blockade effect, which corresponds to the
case 3k, I, wp # wy.

T =

C. Single input and multiple output channels

As shown in Fig. 1(c), considering the presence of multiple
output channels, now we will study the photonic correlation
between different output channels, and we could use the cross-
correlation function [77-79] (CCF) with zero-delay time to
characterize it, i.e.,

<1/f0ut|[l_[] 1 ](t)][l—wzl Vj(t)]|1/fout>
[T (Wout V] (v () [Prow)

— TI'[( H?:l 01,-)(“?:1 OVj)pSS]
[T}, Trlo},0,, pss]

8.(0) =

€2y

We find that the form of CCF agrees with the nth-order
ETCF, so we can repeat the same as steps, like Sec. V A,
to derive its analytical expression. Meanwhile, the probabil-
ity amplitude (18) is valid for arbitrary u and v. Thereby,
the n-photon CCF under a weak coherent drive with driving

®-------- >o------- °
I@--=-=-=-==- e L ]
Hgys{oi} /

/ 'd 7’A‘$ N\

b / .-———"— i“———--’
fo> g o> @----o--- >ocoooc- L

o> [ o

----------------------------- ~ ( S N~ N\
\.,__—:‘7, \A\:__-g

@ --- Ty

FIG. 2. Illustration of two-photon scattering processes for a sys-
tem side coupled to a waveguide. There are three possible scattering
paths for the two photons, corresponding to the descriptions in the
three figures on the right. Here, we assume the input-output formal-
iSM 18 by (1) = bin(t) — i0y(2).

frequency wy is given by

2

g ™0 Py () /n!]
(0) = lim o8 O=————
|B1l— ’?z |P/“/(t)|2

— =
_ |[H?:1O;ji1,z][ /wd(l)oz 1/]|
H;=1 |OS,1 ;dl(l)ngl |2

(32)

As expected, when the number of output channels is equal to
one, i.e., m = 1, Eq. (32) will become back to Eq. (23) due to
v =(c;)".

Analogously, for the case of multiple input channels and
multiple output channels, as shown in Fig. 1(d), we could
directly derive the correlation function according to the two
conclusions of Sec. V B with Sec. V C.

D. Same input and output channel

Based on the structure of n-photon S matrix (11), we only
consider the case of identical single input channel and sin-
gle output channel here, i.e., u = v = (b)", and the rest of
cases could be obtained by combining our proved conclusions.
Here, we assume the frequency of the incoming coherent state
is wy. Thus, the probability amplitude of equal-time probing
n photon could be further simplified as

P#M(I)Z”!I"Z [Hz 107 11}[

m=0

IKML<1>0231,1}
(33)

where 7 = exp(—iwdt)/«/ﬂ, and C)' is the combination
number formula.

Notably, P/** can be described by a natural and intuitive
physical process, i.e., the m incoming photons are scattered
into the output channel b by the local system, and the rest of
(n — m) photons bypass the local system, where 0 < m < n.
The property is radically different from the case of multiple
input channels above. From the perspective of interference
paths, one is that n photons have multiple possible scattering
paths due to the presence of multiple input channels, and
the other is that n photons could be divided into multiple
combinations between few-photon scattering paths and freely
propagating paths due to the presence of identical input and
output channel, as shown in Fig. 2.
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Similarly, the input state is |Yi,) = |ﬁ)fad|0)3|g). There-
fore, the nth-order ETCF and single-photon transmission
under the weak coherent state amplitude are given by

n 7 2
2(0) = lim (Youlb™ OP" O You) _ ‘P#M(f)/n!zLy
| P @)

BI=0 (You 6T (D) You)"

T =1 (Youlb" ()b Yrou)
= lim
B1=0 (Win |67 ()D() [ Win)

=2 [P’ (34

However, the form of effective Hamiltonian usually differs
from Eq. (16) in waveguide QED systems because o could
consist of the annihilation operators of multiple local systems,
e.g., 0p = €101 + & 0,. The specific derivation processes refer
to Refs. [80-82]. Note here that we should do a standard
quantum-optical Born-Markov approximation and neglect re-
tardation effects.

In general, the imaginary part of all eigenvalues of the
effective Hamiltonian is less than or equal to zero for a
pure dissipative system satisfying the U(1) symmetry, and
the number of eigenvalues whose imaginary parts are equal
to zero represents the number of steady states [83], such
as the effective Hamiltonian (16), which its steady state is
unique. However, multiple steady states are easy to achieve
in a waveguide QED system, such as multiple local quan-
tum systems coupled with a waveguide in different locations
[84-86]. Notably, our method is still effective for the case of
multiple steady states since /C,,(n) always is reversible due to
the presence of 0.

VI. PARADIGMATIC EXAMPLES

In this section, we will apply the method developed in the
previous sections to the three typical examples. In Sec. VI A,
we consider a typical single-atom—cavity QED system and
then analyze three schemes: cavity driven, atom driven, and
cavity-atom driven. Besides, we also study the advantages of
the multimode drive for the photon blockade. In Sec. VI B, we
consider a coupled-cavity array system with multiple atoms.
Undoubtedly, we will face dimensional exponential growth of
the Hilbert space with the size of the cavity, so we have to
resort to more effective numerical methods, such as the Monte
Carlo method [23], tensor networks [87-91], or a combination
of both [92]. However, our approach could reduce this expo-
nential complexity to polynomial complexity. In Sec. VIC, we
consider a spin—% system coupled to a one-dimensional (1D)
waveguide model, thereby studying the relationship between
the transmission spectrum and the correlation function.

Finally, based on the compact analytical expressions men-
tioned above, we present a Python code that can handle any
quantum systems satisfying certain conditions required in the
paper. The Python notebooks containing the code for each
physical model studied here are available online [93].

A. Jaynes-Cummings model

In this section, we consider the most typical model in quan-
tum optics: the Jaynes-Cummings (JC) model [94], which
describes a two-level atom coupled to a single-mode cavity

field. The Hamiltonian reads as
Hyc = a)gaTa + a)cafa + g(a*a + aa*), 35)

where a and . represent the annihilation operator and
resonant frequency of the cavity mode, respectively; o, g,
and w, are the lowering operator (|g){e|), cavity coupling
strength, and transition frequency of the atom. Then, we con-
sider three schemes: cavity driven (HY), atom driven (HY),
and cavity-atom driven (Hj¢). Using the notation D[A]p =
ApAT — {ATA, p}/2, the master equation in explicit Lindblad
form reads as (7 = 1)

p = —i[Hc + Hy, p] + «Dlalp +yDlo_1p,  (36)

where « and y are the cavity and atomic decay rates, re-
spectively, and H| is the driving term, e.g., HS = (Qiae™" +
Hec.), H{ = (Q30¢e™" +H.c.), and H{ = H + H{. Now,
we assume 2; = n€2; and |2;] — 0. On the one hand, we
could obtain some useful information about the system by
an equivalent Hamiltonian like Eq. (1), such as statistical
properties of output light. On the other hand, the approach
also provides a more intuitive physical process to multimode
drive, as shown in Fig. 3.

Subsequently, following the standard procedures of our
method, the effective Hamiltonian and the total excitation
number operator are given by

K 4 iy +

Hefr = Hyc — Saa= oo, N=da+o'0. 37
Thereby, by selecting a set of basis vectors, we have
H(n) _ n&)c g\/ﬁ
T levn (= Do+ )
0 1
sz—l,n = [0 0:|’ 05, = [O 1]’ (38)
¢, =diaglVn,v/n—1], 0f,=[1 0],

where Oj,_, , (Oy,_, ) represent the projection of the annihila-
tion operatof a (o) onto the direct sum of the (n — 1)th and nth
excitation subspaces &, = w. — ix /2 and @, = w, — iy /2.
When w; = w, = wy, by plugging Eq. (38) into Egs. (23)
and (29), we can obtain the analytical solution of nth-order
ETCEF about cavity mode. For the sake of conciseness, taking

n = 2 as an example, we have
|AA, — &I

|A(Ac + Ap) — g

|Ac(Ac + A) + 2P
|A]*

|22 = Ac(Ac + A) + (Ac + A, — )’

|A, —ngl*
where the subscripts ¢, e, and ce represent the scheme of

cavity driven, atom driven, and both, respectively, and A,; =
@y — wj = A,. Besides, we also find the relationship by ana-

lyzing 1, i.e., 83 (0)l;~0 = 82(0), &2 (0)]) o0 = 8 (0).

In addition, when w;| # w,, by plugging Eq. (38) into (28),
the second-order dynamical ETCF is given by (§ = wy — w;)
|C1 + Cze—ZiSt + C3e—i81‘ + C4e—i8t |2

|Cs + Cgei |4

82(0) =

52(0) = g2(0)

; (39)

£2(0) = g2(0)

9

g2 =

. (40
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FIG. 3. (a) Sketch of a two-level atom with transition frequency w, trapped in a single-mode cavity. The cyan (magenta) arrow corresponds
to the cavity (atom) drive with the driving strength € (£2,) and frequency w; (@,). |g) (Je)) is the ground (excited) state of the atom, and « and
y are the cavity and atomic decay rates, respectively. (b) The equivalent model of (a). Here, there are two input channels (b, and b,) and output
channels (c; and ¢,). «p () and k. (y.) are the decay rates of the cavity (atom) coupled to b, (b,) and c; (c,), respectively. |8 1)Z1l and |ﬂ2)f}2
are the incoming coherent states, which correspond to the cavity-driven and atom-driven cases, respectively. Meanwhile, we have k = «;, + k.,

Y =Yo+ Ve Bidkp/2m = Qy, and Ban/vp /21 = 2.

with coefficients

Ael(Ael + Acl) + g2

C = 5 57
[Ael Acl - g ][Acl(Ael + Acl) - g ]

C, = rg
[AeZACZ - gz][Ac2(Ae2 + ACZ) - gZ] ’

—ngA,

Cs = B 1)
[AEIACI - g ][AC(AC + Ae) - g ]

C4 _ _ﬂg(zAcz + Ael)
[AnAa — ElA(A A+ A,) — 2]

Ae -

Cs = —12, Cs = —gz’

AelAcl — g AeZACZ — g

where A, = (A1 + A,2)/2. Notably, we find that g2 (7) is a
periodic function about ¢t with the minimum positive period
T =2n/|8], and, if we want to verify the correctness, we
need to select an appropriate reference point, i.e., §2(0) =
Tr[a™?a®p(ty)]/Trla ap(ty)]?, where 1y > 1.

As depicted in Fig. 4(a), when both the cavity and atom
are driven by two external fields simultaneously, the second-
order ETCF exhibits two minimum points, also known as
photon blockade points, compared to the case when only the
cavity is driven. This phenomenon occurs due to different
input channels creating destructive interference, resulting in
the photon blockade effect. In Fig. 4(c), we find that the
n-photon antibunching (in w. — wy; = —1.3k) and bunching
(in w, — wy = 0.81«) effects are enhanced dramatically as
n increases. Besides, for the other strong n-photon anti-
bunching point, their corresponding detuning almost satisfies
w. —wg =[34+1.22 x (n — 3)]«x, where n = 3, 4, 5. For dif-
ferent driving frequencies, as shown in Fig. 4(b), we obtain
a dynamical photon effect, and it goes through the cycles
of bunching and antibunching effects over time, which the
period is T = 2m /|w; — wz2| = 4/k. In Figs. 4(b) and 4(c),
our analytical solution agrees perfectly with the QUTIP sim-
ulations, thereby validating the approach. Meanwhile, we also
analyze the problem: How much drive strength can we accept
for our method? And give the boundary of driving strength to

a certain extent, as shown in Fig. 4(d). As a result, the case
of multiple input channels can trigger the photon blockade;
therefore, we could regard the case as a different way to
achieve photon blockade. More importantly, the scheme is
more feasible for experimental implementations.

No doubt, for the case of multiatom, i.e., Tavis-Cummings
model [95], the method is also powerfully effective, and some
concrete details solving the second-order ETCF have been
presented in Ref. [38].

(a) (b) S matrix ---- QuTiP
4
aor
" Al IN 1 :'
— — " [ I I A
= = ol \ [ i\ i\ I\
= = 0p A I N N N BN
—~ ~ i ~\ ~ ~\ ~\ =
%, N A I
E I I
£ g i \ |
~— -2} — Cavity-Atom-driven h : : :
a4l | |
— Cavity-driven 4 | ! |
-5 0 ) 5 80 85 90 95 100
Detuning (w. — waq)/K Time kt
© : ()
10 4 —4
—n=3 —Q; =10"%*&
— O 0 =103
S =4 32 0, =10%
o > —n=>5]=ag | ---Smatrix
. S
% ---- QuTiP =2 0
200 20
i) -2 % . !
50 4 Tt 1
s 300 422 544 N \1

2 0 2 4 6 -5 0 5
Detuning (w. — wq)/K Detuning (w. — wq)/K

FIG. 4. (a) Equal-time second-order correlation log,,[®(0)]
versus the detuning (w. — wy)/k for the two schemes: cavity-atom
driven and cavity driven. (b) Equal-time second-order dynamical
correlation log,,[g2)(¢)] versus the time «?. (c) Equal-time nth-order
correlation log,,[g%(0)] versus the detuning (w. — wy)/k, where
n=3,4,5. (d) Validation of the S-matrix calculation against QUTIP
for the computation of the second-order ETCF. The inset shows the
dependence of log,,[%(0)] as a function of the driving strength
Q in w. — w,; &~ 1.84«. In all subplots, the system parameters are
given by y = 0.2« and g = 0.6«. The other parameters for (a), (c),
and (d) are chosen as w| = w; = wy, W, — w, = k, and Q, = 3Q;
W, —w) = —(w, —wy) = -1k /4, 0. = w,, and Q, = Q; for (b).
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Drive cavity Signal caVlty

S 6N ]lfiH )

Slgnal cavity Drive cavity

G K

FIG. 5. Schematic of a dimer JC chain lattice. The first (last) cavity is coherently driven with driving strength €2;, and the penultimate
(second) cavity is the signal cavity. Each cavity has resonance frequency o, and decay rate «, and each odd cavity couples to a two-level atom
with transition frequency w, and decay rate y. Dashed boxes represent the unit cells; the intracell and intercell coupling strengths are 1 and ¢,

respectively.

B. Coupled cavity array model

This section considers a dimer JC chain system, as shown
in Fig. 5. The Hamiltonian is given by

Nc/2
HS) = o, Za aj+ Y lwo]o;+ glay,_o;+He)l
J=1 J=1
N,/2 N./2—1
Yodl i+t Y abar +He | (42)
j=1 j=1

Here, agT) and w, are the annihilation (creation) operator and

resonant frequency of the jth cavity mode; o}, w,, and g are
the lowering operator, transition frequency, and cavity cou-
pling strength of the jth atom. Here, 7 represents the intercell
hopping (with the intracell hopping normalized to unity), the
number of the cavity N, is even, and s = 0(1) denotes only
the even (odd) cavity coupled to the atom. The Hamiltonian
describes a Su-Schrieffer-Heeger (SSH) model [96], when the
system does not contain atoms.
Meanwhile, the Lindblad master equation is

Nc Nc/2
p=—i[HY.p]+xY Dlajlp+y > Dlojlp. (43)
j=1 j=1

where « and y are the cavity and atomic decay rates, res ec-
tively, and Ht((ft) = H (m A T Ha(s). The driving term is H
[Q%(a1é,1 + aNSA,O)e““d’ +H.c.], and s = 1(0) correspond to
red (blue) arrow within Fig. 5. Next, we will mainly study the
impact of the different positions of atoms within a unit cell on
the statistical property of output light from a signal cavity, i.e.,
s = 0 and 1. Note that we will not provide the derivation steps
or calculating procedures; all the data results come from the
QCS code [93].

As shown in Fig. 6(a), there is an excellent distinction
between s = 1 and 0 in resonance point (v, = w, = wy), and
this indicates that different configurations (i.e., the atoms only
located in odd or even cavity) could induce the strong photon
blockade effect. Meanwhile, in resonance point, we also study
the impact of intercell hopping ¢ on the second-order ETCF
with different configurations, as shown in Fig. 6(b). Notably,
for the case of atoms located at the even cavity (s = 0), there
is a strong antibunching point at ¢t ~ 0.48, while this point
disappears for the other case (s = 1). Besides, when we tune
the detuning of cavity and atom frequencies (w, — w, # 0),
the two configurations both create photon blockade effect, as
shown in Fig. 6(c). In Fig. 6(c), the transition from s = 1 to 0
seems like two small antibunching regions in s = 1 merging

into a larger antibunching region near the resonance position
in s = 0. Specifically, for s = 1, the innermost and outermost
two strong antibunching regions along the axis w, — w; =0
move toward the resonance point and the nonresonance point
(w. — w, = £k), respectively, and finally forms the case of
s = 0.

Finally, we use a complicatedly complex numerical method
(tMPS and MC) to check out our analytical expression, and
the method agrees perfectly with the analytical solution ex-
cept for the minimum point. The error in strong antibunching
points mainly comes from a finite driving strength () =
0.01«) in numerical simulations and truncation errors in the
tMPS. Nevertheless, the compactly analytical solution is still
highly effective and correct.

C. Spin-% systems coupled to A 1D waveguide model

In this section, we consider a waveguide QED system, i.e.,
a dimer atom chain side coupled to a 1D waveguide, as shown

&, —s=1 3 s=1
&0 —s=0 =4 —s=0
=
= + IMPS+MC & + IMPS+MC
g g
9 -

1

FIG. 6. Equal-time second-order correlation log,,[2*(0)] versus
the detuning (w. — wy)/k in (a), the intercell hopping ¢ in (b), and
the detuning (w, — wy)/x and (w. — w,)/k in (c). Here, the black
dots in (a) and (b) represent the numerical comparison by using
time-evolved matrix product state (tMPS) and Monte Carlo (MC).
The black dashed circles in (c) highlight the minimum point of the
correlation function. In all subplots, the system parameters are given
by N. =8,k =1, y = 0.8k, and g = 0.6«. Especially, w. = w, for
(a), w. = w, = wy for (b), and t = 0.5 for (a) and (c).
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_____________________
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FIG. 7. Schematic of a dimer atom chain coupled to a 1D waveg-
uide. y represents the decay rates of atom into the 1D waveguide. The
input state is described by |8 )Z’d . Dashed boxes indicate the unit cells
consisting of red and blue balls; the intracell distance is d, and the
intercell atoms are offset by the distance d,.

in Fig. 7. The Hamiltonian for the atom chain reads Hgys =

We Zy:l cr;crj, where w, is the transition frequency of atom.
Meanwhile, the Hamiltonian of a 1D waveguide is

Hyy = Z / do wb', ()b, (), (44)

n=lL,r

where the b, (w) are bosonic annihilation operators for the
right- (u = r) and left- (x =) moving waveguide modes
of frequency w. Note from Eq. (44) that we implicitly
assumed a linear dispersion relation for the degrees of free-
dom of the waveguide. The system-waveguide interaction
can be characterized by the rotating wave approximation
Hamiltonian

N
Ho=iy ) f de Zy—j‘;[bmw)aje—fwf/w —Hecl,
j=1 p=Lr
45)

where y; and y, are the decay rates into the left- (v; < 0)
and right- (v, > 0) moving waveguide modes, respectively,
v, denotes the corresponding group velocities, and x; repre-
sents the position of the jth atom along the waveguide, i.e.,
X2j41 = jldi +dy) and x3; = j(di + d2) — d.

First, we assume y; =y, = y/2, v, = —v; = v, and k =
w./v. Then, we consider an incoming coherent state |8 )f{;d ,
and the coherent amplitude is small enough, i.e., || — O.
Finally, following the standard procedures [80,81] (such as the
usual Born-Markov and secular approximations), the Lind-
blad master equation reads as

,b = _i[Hsys + Hcoh + de /0]

1 .
+vy izjcos(klx,- —xj|)<ajpai — E{oljaj, ,0}), 46)
where  Heon = (v/2) Y, ;sin(k|x; — xj])0/0;, and Hy =
SV [B* VY [Am expliowgt — ikxj)o; + Hel.

Next, we will study the statistical properties of photons
from the output channel b,, such as the single-photon trans-
mission and the second-order ETCF. Like the second example,
all data results come from the QCS code [93].

When d| + dy = 27 /k, Heon in single-excitation subspace
has a chiral symmetry ensuring its spectrum is symmetric
about 0. The spectrum is

y sin(kd;)

Em == . )
1 —exp(Rizm/N)

m=1,3,....,N—1. (47)

10g 10 [gﬁ?l(on

0.5 0.54 0.58 0.62 -

04 02 0 o2 o4 o6 o3 1
(wWa —we)/y

FIG. 8. The single-photon transmission 7" for (a) and the second-
order ETCF log,,[g?(0)] for (b) versus the detuning (w; — w,)/y
and the distance d;/A. In (a), the boundary of T = 0 corresponds
to the white dashed line. In (b), to distinguish the local minima
more clearly, all regions for which 2 (0) > 10 are colored dark red.
(c) The second-order ETCF g2 (0) (left-hand longitudinal axis) and
single-photon transmission 7" (right-hand longitudinal axis) versus
the detuning (w; — w.)/y. The yellow regions in the inset indicate
a close correspondence between high transmissivity (7 &~ 1) and
strong antibunching effect [§?(0) < 1]. In all subplots, the system
parameters are given by N = 20, d; + d, = A, and A = 27 /k. Espe-
cially dy /3 = § for (c).

Notably, when the frequency w,; of incoming photons is
within the range, i.e., [— min |E,,| + w,, min |E,| + ®.], the
transmission is almost zero, and also is accompanied by a
pronounced bunching effect, as shown in Figs. 8(a) and 8(b).
And, the white dashed corresponds to £ min |E,|. Mean-
while, when we choose a maximal window corresponding
to T =0, i.e., kdy = /2, as shown in Fig. 8(c), we find
that the transmission happens quickly oscillation near the
|wg — w,| Z min |E,|, and the peaks of oscillation are equal
to one (T = 1). The first four peaks also are accompanied
by a strong antibunching effect, respectively, as shown in the
yellow regions within Fig. 8(c).

VII. CONCLUSIONS AND OUTLOOK

To sum up, we introduce a new physical quantity of the
probability amplitude with equal-time probing multiple pho-
tons, and the probability amplitude has a compactly analytical
expression for any quantum systems satisfying the U(1) sym-
metry. Based on this analytical expression, we could simply
obtain an nth-order ETCF under a weak coherent drive be-
cause the correlation function completely depends on the
probability amplitude. In addition, we also discuss the classi-
fication of input and output channels, and we correspondingly
give the probability amplitude and correlation function. We
find that multiple input channels could bring up an interfer-
ence effect, and the phenomenon is beneficial to study photon
blockades for us. Moreover, multiple output channels also can
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help us to study the cross correlation. We also prove that
our analytical expression works for identical input and output
channels, providing excellent convenience for studying the
waveguide QED systems. Finally, we consider three exam-
ples in order to illustrate the advantages of our method. Not
only do we find that multiple input channels can trigger the
photon blockade effect compared to a single input channel,
but we can also apply our method to solve large-dimensional
systems, such as multicavity and multiatom models. Crucially,
the probability amplitude can also be used to calculate other
important physical quantities, such as transmission spectrum,
reflectance spectrum, and multibundle correlation functions
[97,98]. We also provide a user-friendly open-source library

J

in Python and expect our method here to be further applied
and extended.
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APPENDIX A: DERIVATIONS OF INPUT-OUTPUT RELATIONS AND SCATTERING MATRIX ELEMENTS

For the total Hamiltonian (1), the Heisenberg equations of motion for the operators b;(w) and c;(w) are

idb,-(a))

dcj(w)

R [bi(®), Hiot]l = wbi(®) + &p,0:, P = [cj(w), Hiot]l = wcj(w) + & jo;. (A1)
In the assumptions ¢ > ty and #) — —oo, the differential equations (A1) can be solved:
t
bi(w, 1) = bi(w, fp)e” ™) — ig, / oi(t)e " dx,
)
ci(w, 1) = cj(w, to)e ™) — isc.,j/ 0;()e " dr. (A2)
)
We then integrate (A2) with respect to w to obtain
1 + iéb ; t 400 ) i /_Kh ;
Dp(r) = —/ bi(w,t)dw = b;in(t) — —= 0[(77)/ e dwdr = bipn(t) — —0;(1),
b N2 o V2 Uy —oo 2
1 + i&. 4/
O.(1) = _/ cilw, t)dw = cjin(t) — —=L | o; (z)/ e dwdr = ¢ () — 0;(t), (A3)
Vor ) o 27 ! o
with the input operators
1 i iw(t—to) ! e iw(t—to)
biin(t) = —/ bi(w, 1g)e” " Vdw, cin(t) = —/ ci(w, tg)e " dw. (A4)
A/ 27'[ —00 0 ! A/ 27T —00 ! 0
Similarly, in the assumptions #; > ¢ and t; — 400, Eq. (A1) can be written as
t
bitw, 1) = bitw. )¢ 4 ity [ ortmre T,
il
cj(o, 1) = cj(w, t)e ") + &, ; / 0j(T)e /. (A5)
1
We integrate (AS5) concerning w to obtain
1 + isbi ﬂw T V
Dp(1) = E/_m bi(w,1)dw = bj ou (1) + m 0; (f)/ Ydwdr = b;, out(t)~l— S 0i(1),
1 +0o %- +00 /—
O () = — dw = ¢;ou(t) + —=L e dydr = t t A6
) \/E/; Cj(w Ydw = Cj, (1) + —= \/— Oj(f)f wdadt = Cjout( )+ ) 0]( ), (A6)
with the output operators
1 +00 » y 1 +00 » )
biou(t) = —/ bi(w, 1)e ™" M dw,  cjoult) = —/ ci(w, t)e " dw. (A7)
out m - 1 Jj,out \/E - j 1
Combining with Egs. (A3) and (A6), we get the input-output relations:
biou(t) = biin(t) — i/kp,i0i(t), Cjou(t) = cjin(t) —i/Kc jO;(1). (A8)
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Due to the property of Mgller wave operators, i.e., QTQ_ = QLQJF =1, we have

n

[1 w(m)}ﬁ[]—[ u}(kn} 10) = (0|2" []‘[ szv,(pz)sz*}szmz []‘[ szm,*(kl)szi]mm)
=1

Li=1 =1 1=1

o] szmpl)sf} eole.Ql [l‘[ Q+M1T(kz)91:| 10)

LI=1 =1

nv _
Spr.eputkr.dy = (0

=0I]] sz_vmpl)sz*_} []‘[ sz+u}(kl>szi} 10)
L/=1 =1
= (0| ]'[w,om(m] []‘[ u,*,m(k,)]m), (A9)
L/=1 =1
where
prin(ki) = Qi (k)R = efotoe™ 0 1, (et =it (A10)
. +
Viou(pr) = Qv (p)QRL = eMotte iy ()t ¢~ Mot (A1)

According to Egs. (A4) and (A7), for the operator b; ;,(t) we have

bi (Cl), t())eflw(tftg)dw — iHoito bi(a))elwtge*lH[(‘[tneflwIdw

1 +0o0 1 +0o0o
b= [ By
27 J -0 27 J—o

1 T o i iHyty —iHilo ,—ict
— el lolOe_l Blobi(w)el B Oe—l totoe—lw dw
A/ 27'[ /;oo
1 +o00 o
= — biin(w)e " dw, (A12)
A/ 2 /foo '
which automatically satisfy the inverse Fourier transform by the definition (A10), and the same is true for ¢; o (t), i.€., ¢; ou(t) =
y y y Js Js

F ¢ jout(®)], where F represents the Fourier transform. Note that in the second line, we took advantage of the fact that
[Hg, bi(w)] = —wb;(w). As a result, the definitions (A10) and (A11) are self-consistent.

APPENDIX B: DERIVATION OF EQ. (6)

In order to demonstrate the equivalence between the scattering matrix and master-equation methods, we only need to calculate
the numerator of Eq. (6), and the computations are as follows:

(Youlc" (OO Yow) = (Yl SR IQ_OQVQ_c;()QT 1" Q_SYin) = (¥inl QL el )k ;R4 [Yin)
= (Y| QL [c], (1) + ik ;0L O [cjin(t) — i/Ke 70, (O] Qs [Yin). (B1)
Then, according to these definitions of €2, [¥,), and ¢ ;s (7), we have

+00
ele,lUe—lHBZUCj(a))elHBtoe—le‘toe—lwtda)} [ele[tOe_lHBto][J’/LB)Z;d ® |O)B ® |g)s]

Cjin(1)4[¥in) = [/

—0Q

+o00
— / elHlolfoeleBf()Cj(a))efla)t(/VLB)i)),’d ® |O>B ® |g>s dC()

=0 = (YulQ}c) ;0. (B2)

where .4 is a normalization factor, and the quantum causality condition about 0;(¢) and oj. () at equal time is

[0;(0), ¢jin(0)] = [0}(1), ¢jin()] = [0;(1), ¢}, ;)] = [0}(2), ], ;)] =0. (B3)

053703-12



ANALYTICAL APPROACH TO HIGHER-ORDER ... PHYSICAL REVIEW A 108, 053703 (2023)

Hence, combining with Egs. (B2) and (B3), (B1) can be further simplified as
Woule " OO Wou) = K1 (Winle™0e™ 0™ (1) (1 )e™o e~ 50 | ;)
= k! /Tr[o] (0)dfj (0 )e Mt e 0 [y (| it~ ot
= Ké’,jTr[o;"o’}efiH""(t“”)p(O)eiH""(thr’)]
=« Tt[0}" U (1o + 1, 0)p (YU (1o + 1, 0)]

=k, ;Try [O?Oyjl-ps(loo +1)], (B4)

where p;(fos + 1) = Trg[U (too + 1, 0)p(0)U (10 + 1, 0)], p(0) = =80 |35} (Yin |8, 1) = —00 = —t, and Tr, and Trp, re-
spectively, represent partial trace for systems and baths. For the sake of conciseness, we introduce a time-dependent displacement
operator

D,{B(w)} = exp ( / dwlB(w)e b} (w) — ﬁ*(w)e’%(w)]), (BS)

o0

where B(w) = Bd(w — wq) when a local system be coherently driven, and the free evolution of input state can be also rewritten
as e 0|y ) = Do{B(w)e *"}|0). Finally, in order to be consistent with Eq. (4), we need to demonstrate the equation

ps(t) = Trg[ D] {B(w)e YU (t, 0YDo{B(w)e 0 }|0) (0| D {B(w)e YU (¢, 0)D, {B(w)e™"}]
= Trg[U(z,0)5(0)U (z, 0)] = By (1), (B6)

where ©(0) = |0)(0|, and |0) represents the vacuum state of the total system. And beyond that, according to the Mollow
transformation, the new evolution operator U (¢, 0) has

d ~ ~ o~ ~ .
iEU(t’ 0)=H@®)U(t,0) with H(t) = Hit + Hy(t + 10). B7)

Therefore, following the standard procedures [2,99] to trace out the heat baths degrees of freedom and applying the Born-Markov
approximation, the density matrix p,(z) satisfies the master equation

- . o~ U ~
3 Bs(t) = —i[Hyys{ox} + Hi(0), B()] + D va (Laps(r)L; — 5oL, ps(t)}> = LP;(1) (B8)

with Liouvillian operator £. Equation (B8) actually is Eq. (4), so Eq. (B4) can be further written as
(Woul " O Wou) = k! Trs[0] 0 psltoe +1)] = ! Trg [0} 0By (te +1)]- (B9)

By plugging Eq. (B9) into (6), we have

(Youlc)" O OWou) &2 Trg[0] 0Pt + D] Trs[0]'dpss]

: = LRt = —— : (B10)
(Woulc e You)" 1l Tr[0}0;Bsto + 1" Tryl00,ps]"

g0 =
where pg represents the steady state, i.e., pss = lim 0,(f) = 0s(foo + 1).
11— 00

APPENDIX C: DERIVATIONS OF EQS. (13)-(16)

According to quantum field theory, the time-ordered 2n-point Green’s function (12) can be written as the path-integral
formulation, i.e.,

[ Dlibr(w), bi(@), cx(w), c; (@)}, {ox, 3T/, Loy, (t])ok, (t)]e! £
[ Dl{br(w), bi(w), ek (@), ¢t (@)}, {ox, 05 }el [ 41£

where £ is the Lagrangian of the total system, and “{...}” represents all possible modes within brackets. For the total
Hamiltonian (1), the £ is

G" (1}, 31p,) = (—1)" : (e}

L=Y" / dolbi(0)(id; — ©)br(w) + i (0)(i0; — w)cr(w)]
k

- Z / dwl&p by (@)oo + & ki (@)ox + & br(@)oy + E7 i cr(@)or] + Lsys, (C2)
k
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where Ly is the system’s Lagrangian associating with the Hamiltonian Hgy{oy}. For the sake of convenience, we define a
symbol, i.e., A = 9; + iw. In order to compute A=, We have

dk .. ; o
Anw(t—ﬂ)=5(t—ﬂ):>Hw(t—z’)=/—e*’k<’*” ! = =g — 1), (C3)

21 k—w—+i0t

where the function I7,(t —t’) is an inverse of A. Hence, we only calculate the functional integration of waveguides in the
denominator of Eq. (C1):

/D[{bk(a)), bi(w), cr(w), CZ(a))}]eifd[ﬁ

i[d ﬁs S
= ¢!/ 4L /D[{bk(w), by (), cx (), ci(w)}]
o~ i [ dt [ dolbi(@)Ab(@)+cf (@)Ack(@)+iE by (0)ox 1)+ (@)} (1) +ie ke (@)or (1+iE] ek (@) (1)]
— Net [ dtLoys g= 3 [ dt [ dt' [ dodl|Ep i P05 (T (t—t )0k (t )+ e k0 ()T (t—1 ok (1))

— NeiJdtLos g7 X [ dt[\éb,k|zot(t>0k(t)+|Ec,klzoi<t)0k(t)]’ (C4)

where N is the constant coefficient from the Gaussian functional integration. As a result, we can obtain the effective Lagrangian,
and then the effective Hamiltonian is obtained from the effective Lagrangian by Legendre transformation, which is

. I
Lot = Lys + i ;usb,uz + |&k|*)0for = Hetr = Hyys{or} — 3 ;m,k + ke 1 )04k (C5)
Then by (C4) and (CS5), Eq. (C1) can be simplified as
[ Dlox., G TT1 Loy, (t))0, (t)]e! ] 4 Fer

[ Dlfox, o }]et [ 4t e

J Dlow, N TTiy 184, 1))5, (1))el /1 Eon
J/ Dl{ox. of}e! /& Ler

G"(ty 5tp,) = (—=1)"

= (-1

= (-1)" <g|T[ [Ta.)3l, <n>} 18) = G (1), 51p,), (C6)

=1
where
0y, (1) . Oy,
|:~%’ :| = exp(zHefft)[ Tl
Olll(t) ole

Actually, we could use a more straightforward method to obtain the relation [81].

} exp(—iHunt). C7)

APPENDIX D: DERIVATION OF PROBABILITY AMPLITUDE WITH EQUAL-TIME PROBING n PHOTONS

According to Egs. (11) and (18), the probability amplitude of equal-time probing n outgoing photons can be written as

dt] _lkPLDfn(s)l
LV [ —ikt] giv _ Dm(é) —ikpy ()t} JAD,, VB,
Pl (1) = [ I/ —==e S, £t 2 : 2 : | | (" om (o GO Tim th’ Dm Sugg, s 0ty 0
P.

m=0 B,,,D,, s=1

(DD
In order to calculate Eq. (D1), we first deal with the integral:
I(D,, B,) = 1—[ / dip, ) e kontbyo GOV (1217, (D2)
where the time-ordered 2n-point Green’s function
GHonvn (1,1, ) = G (t ... 13t) .. 1) = G"(t...t50] ...1) = (—1)”(g|7—|: ﬁ 5vj(t)5zk(t,£):||g). (D3)
k=1
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Meanwhile, we can also take off the time-ordered operator in Eq. (D3) but need to add all possible permutations, and thus the
integral (D2) is given by

n dl‘, . n+1
I(Dy, By) = (—1)" [ 1'[/ —;e’k‘{| > el ]"[ O(1p,)le) H 0(tp, = p,.,) (D4)
s=1 27 P ! "
where 6 (x) is the step function and P is permutations over indices {0, 1, ..., n}. Note from Eq. (D4) that we have assumed 1) = ¢,

6(t6) = ]_[" 1 0v; (1), and (’)(tk) = oT (tk) According to Egs. (15) and (17) there are some permutations in Eq. (D4) that are

automatically zero due to the property of upper and lower triangular matrices multiplication, e.g., 8,, (tp, )3, (tp,)o!  P)18) =
0. In order to evaluate the integral about time, we need to introduce an integral trick and an identical equation

+oo . , . ’
/ e~ MU=1) Eiat=1g (t _ t"\dt' = 111101 [i(MFa—ie)] ", (D5)
=0t

n ~
Vo Van

where M is square matrix, a € R, and P are permutations over indices {1, 2, ..., n}. Here, the imaginary part of all eigenvalues
of M is less than or equal to zero. Thereby, we can guarantee the validity of both e =™~ |,_ . = 0 and Det[M F a — ie] # 0.
Based on Egs. (D5) and (D6), Eq. (D4) can be further simplified as

I(D,, B,) = (_l)n [ l_[ / j_;%eikxl;} Z<g| H[eiﬂcrrfo‘}iefiHcm] l_[ [elHetf’P LP iHeﬂ‘l/—ﬁ/]|g>9(t _ t/ﬁl ) l—[ 6([%j71 _ t;;f)
s=1

B =l j=1 j=2

n dts n

"E || Pi || —iHen(t=t5) itt—15) 31 k7, / —it Y k5

= (—1) |: /\/ﬁ:| <g| [0\;/]6‘ it (¢ l‘p] e(t tp,)ZS, kp,@(t _[73])@ tz.\,lkpj
P L=l j=1

x [T [0 e ™m mu B 2 5 0 (1 i Y]l Jg)

K5, i P/ 4715,

noikt u -
Bl -]
s=j

j=1 j=1

n e—ik/t —) ; <« Tl/-p
[l s 0]
P

j=1

Analogously, the case of D,, and B,, also has

e~ tkomit

_ - m VB (j) Tupumm
o[ From [ oo ] s

In the first step above, we use Eq. (15). In the second step, we take advantage of H.g|g) = 0 and Eq. (D6). In the third step,
we use Eq. (D5). In the last step, we use Eq. (16). Meanwhile, the inverse matrix becomes well defined due to the presence
of the coefficient & when the effective Hamiltonian has one or more eigenvalues whose imaginary part is zero; in other words,

Det[Her — w — ie] # 0.
Finally, let us plug Eq. (D8) into (D1), and we have

71kaDm(A)t
P (1) = Z > I(Dy. By, >Z [ M}

m=0D,,,B,, P

e thal & QP <— - TP ()
- S 2 2 S [T [T, 0005 | S Tt 9

m=0D,,,B,, P, s=1
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For example, we assume pu = (b;)", v = (c;)", and k = (w,4)". The corresponding input-output relations are written as b; oy () =
biin(t) — i JKp,0i(t) and ¢ ou(t) = ¢jin(t) — i, /K¢ jo(t). Obviously, the only nonzero term is for m = n, and we have

n o
VB, n — Tipp,
] Z Z |:H1 10131(1,)1i| |:l_[z=1lczli_]kmn(l_)(l)ozl'13?1 U)]

D,,B, P

—la)dl

P(1) = [

e*lwdt

=”’[w} [l—[/ 107 11][1_[1 1Kl (DO 11} (D10)
i c]

Therefore, combining with Egs. (6) and (D10), the nth-order equal-time correlation function under a weak coherent drive could
be written as

£00) = (Woullc}" OO You) . AP Y, B (Rl e w),
Y A (Woule] (O Olou)” 1410 [WPZ“ 0 wd(\lfé’&i|c}<f>cj<t)|“/éﬁ2)w]n
_avsilef OGO, /nt_ peo/ef - Torde] 1)
[atwilcjoeolu@), ] PO oo ]

where B; = Q;/27 /kp, and |llléﬁ2) =S |\11(k)) . In the step above, we take advantage of the relation, i.e., |4 |> - 1 when
1Bil = 0.

APPENDIX E: DISCUSSIONS ABOUT THE CASE OF THE NONLINEAR INTERACTION BETWEEN
THE SYSTEM AND THE HEAT BATHS

On the basis of Eq. (1), we assume that each local system also interacts nonlinearly with a new individual heat bath. Thus,
the noninteraction Hamiltonian Hg and interaction Hamiltonian Hj should be rewritten as

Hy = [ do D olbl@h@)+ @)@ + dl @i ED)

= [ do Z[sb B @0k + Eerc(@)or + Equd @0 + Hel, E2)

where dj(w) [d,j (w)] is bosonic annihilation (creation) operator of the new heat bath mode, and m is a positive integer greater
than 1. Notice that the total Hamiltonian H also respects the U(1) symmetry. Similarly, following Eqs. (A1)—(A8), one can
develop the standard input-output formalism that relates d; iy, dj out, and o; as

diou(t) = dpin(1) — i\/Ka10] (1), (E3)

where k;; = 2m|&4,|*. Subsequently, following Appendix C, we could derive a new effective Hamiltonian, which is given by
i 7 i m_m
Heip = Hyys{or} = 5 > (kb + kex)opor — 5 > kax0}" 0} (E4)
k k

Obviously, the nonlinear effect does not disappear, it just moved from the interaction Hamiltonian (E2) to the effective
Hamiltonian (E4). Besides, if we still regard Eq. (5) as the initial state of the total Hamiltonian, according to Eqs. (B1)—(B8), we
will obtain a Lindblad master equation after tracing over the heat bath degrees of freedom, i.e.,

dps
dt

= —ilHys + Ha, ps] + Y _(kpx + ke)Dloclps + Y kax Do} ]ps, (ES)
k k

where Hy = [Q70; exp(iwgt) + H.c.]. Actually, we can also achieve a multiphoton driving case to a local system by changing
the initial state of the total system, and the corresponding Hamiltonian and initial state are given by

5* m la)dl + (c/vloj'me—icudl7 [Yin) = |al)i’d ® |0)g ® lg), (E6)

where oy = &,/27 /K4, and |0)p represents the vacuum state of baths except the mode d;.
For the single-photon driving case [i.e., Eq. (3)], our conclusions in the main text still apply for the nonlinear interaction, and
we just need to replace the effective Hamiltonian with Eq. (E4). However, for the multiphoton driving case [i.e., Eq. (E6)], the
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nth-order ETCF (6) under a weak drive is given by

k k
NP g = L (R e )| W),

&) = lim ¢7)(0) = lim

a|—0 o | k k i
ol [L/VPZkzl (e 00 wh),,

=G x lim |a; |72 /"D = G x 00 = 00, (E7)

0([—)

where G is a constant that is entirely unrelated to oy, and n — [n/m] is greater than O due to m > 1. Thus, we must simultaneously
add at least one single-photon drive term for the local system and select an appropriate parameter condition to prevent the
correlation function from approaching infinity. To prove this point, let us introduce a driving term

Q*O elwdt + Q 01‘ —iwgt

and the corresponding input state is given by

i) = 182

5* 2 Zzwdt + 510;'26—21‘(0[11" (ES)

® la)3,, ®10)p ® |g). (E9)

For the sake of simplicity, we only provide the analytical expression of the second-order ETCEF. To avoid the presence of the case
of Eq. (E7), we must choose this parameter condition, i.e., o; = nﬁz with |8;| — 0. Thus, we have

g = lim ¢70) =

101c; (1)e,; (IS} (@a)b] (@4)110) /2! + U(OI[CJ(I)C,(t)]S[dT(de)]|0)|

{0l (1)ISIB] (wa)110) |*

(E10)

Notably, the denominator and the first term in the numerator can be analytically solved based on Eq. (19), and the corresponding

expressions are given by

(OlLe;(DISID] (wa)]|0) = & x OF K,/ (DO}, (ELD)

(Ollc; (e (OIS} (wa)b] (w)]|0) = 2162 x O 0] K5,

' ()07, (HO], (E12)

de

where & = /Ky ik j/2m exp(—iwgt). For the second term in the numerator, we have

. dr’ -
(O|[Cj(t)cj(t)]s[d1' Cwa)]0) = f \/_;—ne_zlwdl (O|Cj,0ut(t)Cjwout(t)d;,in(t/)m)

dr’
o 2iwat’ (ike, j/Ka )81 T10:(t)0: (1) (t’)?)j(t/)“g)
\/_
_ dt’ 72,0)[1[ (lK \/K_) |[00 ]e*lHeff(t t) 0 0 ]| >9(1‘ )
A "
e’2”‘"’t(—iKc,j\/W)O O{ 2’C2wd (2)0-1”20811 (E13)
Finally, let us plug Egs. (E11)-(E13) into (E10), and the second-order ETCF can be simplified as
290y  100101K5, DOTLKLI(DOF, — i x 0,01,k @07,08, " (E14)
ji 0; 1oy |

where 7} = n/2mkq,1/Kpi = 51/5212.
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