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We show that the form of the cluster decomposition principle, commonly used in quantum field
theory, needs to be significantly generalized. As an illustration, we consider the general structure
of two-photon S matrix for a waveguide coupled to a local quantum system that supports multiple
ground states. The presence of the multiple ground states results in a non-commutative aspect of
the system with respect to the exchange of the orders of photons. Consequently, the two-photon S

matrix significantly differs from the standard form in the quantum field theory.

PACS numbers:

The cluster decomposition principle is one of the fundamental principles in quantum field theory [1]. In its general
form, the cluster decomposition principle states that in a certain limit, a correlation function involving many quantum
operators can be decomposed into products of correlation function involving smaller number of operators. This
principle, and the possibility that it might fail, have played a significant role in theoretical physics. On one hand,
this principle has been widely used to constrain the form of scattering matrix in field theory [2-4]. Moreover, it has
been used to argue for the correct form of quantum vacuum in two-dimensional quantum electrodynamics (QED) and
quantum chromodynamics (QCD) [5-7]. On the other hand, it has been shown that the possible failure of the cluster
decomposition principle is sufficient to ensure confinement in QCD [8-13]. This observation has motivated significant
efforts seeking to prove the failure of this principle in QCD. All these previous works on the cluster decomposition
principle, however, are purely theoretical. And there have not been a single example that transparently illustrates the
condition at which the standard form of cluster decomposition principle might fail, in a system that is experimentally

accessible.
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In this letter, we introduce a generalized form of cluster decomposition principle, by considering the scattering
matrix (S matrix) in two photon scattering in waveguide QED. Specialized to the S matrix, the cluster decomposition
principle results in the standard form of the two-particle S-matrix [2, 14-16] as S = S° + T, where S°, the non-

interacting part of the S matrix, is of the form
S pakiky = thathy [6(p1 — k1)8(p2 — k2) 4+ 6(p1 — k2)8(p2 — k1)) (1)
and contains the product of two § functions. The T matrix, which describes the interaction, is of the form
Tpipakiks = Mpipakik;0(p1 + p2 — k1 — k2) (2)

and contains a single § function. Here, k1 2 and p; o are the momenta of the incident and outgoing particles, respec-
tively. ¢y is the individual particle transmission amplitude and M, p, &, k, characterizes the strength of the interactions
between two particles. Recently, this form is also shown to apply in waveguide QED systems, where a few waveguide
photons interact with a local quantum system [17-34].

In this letter, we show that there in fact exists a class of waveguide QED systems, in which the two-photon S matrix
does not have the form of (1). The key attribute of these systems is that the local quantum system has multiple
ground states. We show that this attribute results in a non-commutative aspect of the system with respect to the
exchange of the orders of photons, which strongly constrains the form of the S matrix. This is in contrast to a large
number of systems previously considered that have S matrix of the form shown in (1). In these systems the local
quantum system has a unique ground state and hence does not have such non-commutative property.

The results here point to a much richer set of analytic properties in the structure of S matrix than previously
anticipated. Also, examples of local quantum system with multiple ground states include three-level A-type atomic
systems, which support two ground states in the electronic levels, as well as optomechanical cavities where the lowest
lying photon-state manifolds contain multiple phonon sidebands. The three-level A-type systems play an essential
role in constructing quantum memory and quantum gates for photons [35-38], whereas reaching the photon-blockade
regime with optomechanical cavities has been a long-standing experimental objective in quantum optomechanics
[39, 40]. Exploring the nature of photon-photon interaction in these systems in the context of waveguide QED is
therefore of significance in a number of directions that are of importance for quantum optics. While there have
been several calculations on the two-photon scattering properties of these systems [41-44], there have not been any
discussions on the general analytic structure of the two-photon S matrix in this class of systems.

We start by considering the simplest example of a single-mode waveguide coupled to a three-level A-type atom as



shown in Fig.1 (a). The Hamiltonian is described as

(@)

>
—) " &) —
8

Waveguide

(b)
After first

Initial scattering Final

After first

Initial scattering Final

FIG. 1: (a) The system we consider: a photonic waveguide coupled to a three-level A-type atom. (b) A sequential scattering
event where two photons incident from the left scatter against a three-level atom with v1 = v2 < A1, Az. The photons are
represented by red or blue colors with different colors representing different frequencies of photons. We send in the red photon
followed by the blue photon, in which the initial, intermediate and final states are shown in the subplots. (c¢) Another sequential

scattering event that is the same as (b) except for the reverse photon ordering.
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where ¢y, (CL) is the annihilation (creation) operator of the photon state in the waveguide. These operators satisfy the
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standard commutation relation [cg, CL] = 6(k — k’). We linearize the dispersion relation and set the group velocity
vy = 1 so that the single photon’s frequency is equal to its momentum. In our calculation, the relevant bandwidth is
set by the atom-waveguide coupling strength, which is typically on the order of MHz-GHz scale. Over such frequency
scale, the group velocity of an optical waveguide typically does not change significantly, and hence the linearization
procedure is valid [19]. Here for simplicity we consider a waveguide consisting of only a single mode in the sense
of Ref.[18]. The argument here, however, can be straightforwardly generalized to waveguides supporting multiple
modes. A, A, and € are the respective energy of the ground states lg1), |g2) and the excite state |e) of the atom
satisfying A1 < Ay < Q. We define A, =0 - ﬁﬂ for p = 1,2. The waveguide photons couple to both |g1) — |e) and
|ga) — |€) transitions of the atom with respective coupling constants /71/27 and y/72/27. In general we assume that

v1,72 < A1, Ay. The single-photon S matrix for this system is
[Spk]wj = <p, gu|S‘kagv> = t;w(k) 5(]9 - A,u —k+ Au) s (4)

where pu, v take values of 1,2 and

vV VeV

L v
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is the transmission amplitude of the waveguide photon |k) when the initial and final states of the atom are |g,) and
|g,.), respectively [46-49].

We proceed to provide an intuitive argument about the structure of the two-photon S matrix. As an example, we
consider a specific three-level system where v; = 7. For notation simplicity, we refer photons with energy A; and
Ay as ”blue” and "red” photons, respectively. From (30) and (5), if the atom is initially in the ground state |g1), an
incident blue photon will be on resonance to the atomic transition. Therefore, upon scattering against the atom, it
will be converted to a red photon while the atomic state is changed to |g2), whereas an incident red photon in the
same situation will pass through the atom unchanged without affecting the atomic state, since it is off resonance from
the atomic transition. A complementary behavior occurs when the atom is initially in the ground state |g2), as can
be deduced from (30) and (5).

To illustrate the structure of the non-interacting part of the S matrix, we now construct a thought experiment as
shown in Fig.1 (b) and (c) by considering the outcome of two different sequential scattering events where two photons
are sent toward the atom with a sufficiently large time delay between the two photons. In both events, we assume
that the atom is initially in the ground state |g1). In the first event (Fig.1 (b)), we send in the red photon first, it

passes by the atom without interaction. The blue photon then comes in and scatters against the atom. The scattering



changes the atomic state from |g1) to |g2), with the photon converted to red. Therefore, at the end of the two-photon
scattering event, we end up with two red photons and the atom in the state |g3). In the second event (Fig.1 (¢)), we
send in the blue photon first and then the red photon. With a similar analysis as discussed above, we can show that
we will end up with the red photon first and then the blue photon, with the atomic state remaining in |g;). In this
system, the outcome of a two-photon scattering event depends on the order of the photons being sent in. We note
that each of two different incident states above can be described by a symmetrized two-photon wavefunction. The two
states are mapped to each other, not by an exchange symmetry operator, but rather by an operator R that exchanges
the order of the photons. The observation above then indicates that [R, S} 2 0. Such a non-commutivity with respect
to photon-order exchange operator arises from the existence of multiple ground states in the local quantum system.
For local quantum system with a unique ground state, one can easily show with a similar thought experiment [34]
that the outcome of the two-photon sequential scattering does not depend on the orders of the photons sent in.

The non-commutivity between the two-photon S matrix and photon-order exchange operator points to interesting
aspects of the structure of two-photon S matrix. The two-photon S-matrix is typically computed with respect to a

two-photon symmetrized plane wave:
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(eiklzleikgzg 4 eik‘lmg eik‘gml) . (6)

To apply the argument above, we decompose i, (21, z2) = wi(i)(xl, x2) + ’(/Ji(j) (z1,x2), where

1 . . . .
1/1&)(%,1’2) _ 2\@ [61k11161k212 6($1 - 172) + eik1a pikam g(zz _ 1.1)] , (7)
T
1 . . . .
wi(f) (x1,22) = —— [emlzlem”? O(ze — 1) + etF172 gikaT1 O(xy — xQ)] . (8)
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With the 6 functions in (7) and (8), wi(j)(xl, x2) can be viewed as the plane wave limit of two sequential single-photon
pulses with the center frequencies of the leading and the trailing pulses centering at ki and ko, respectively, while
wl(f ) (21, 22) is the limit of the same two pulses but with the order of the center frequency reversed. We now consider all
the scattering pathways in which the atom changes from state |g,) to |g,) through the two-photon sequential scattering
process. For ¢S ) (1, x2), the photon with frequency k; arrives first. As one of the many possible scattering pathways,
upon scattering of this photon, the atom is driven from the state |g,) to a ground state |gy), whereas the wavefunction
of the outgoing photon takes the form of ¢g, a, (21) = ta, (k1 )e?Fr=2v+A2)21 /3/27 Then the photon with frequency
ko arrives. It drives the atom from the state |gy) to the state |g,), and as a result is converted to an outgoing photon
with the wavefunction ¢, . (z2) = t,a(ke)e'(F2=Ax+A022 /\/27 Summing over all the pathways as labelled by A,

the final state associated with @[Ji(i)(xh x2) is then 7/%()3(3517 x9) = % Yo Phoour (22) Oy aw(@1)0 (21 — 22) + [21 — 2],



Consider both ¢i(§)($1a x2) and wi(f) (x1,x2), the sequential scattering process then leads to the final state

Yous (T1,T2) = ¢Out(f€1,ﬂ?2)+¢out($1,$2)

2
= \/» Ztli)\ k‘g)t,\y(kl) i(k2— A>\+Au)f2 i(k1—Ay +A>‘)z19(3}1 — J,‘Q) + [.Tl —— To, ky — k‘g] . (9)

We note that the 6 functions in (9) don’t compensate each other, as a direct result of the non-commutivity in
the sequential scattering process. From (9), by Fourier transformation, we obtain the non-interacting part of the

two-photon S matrix as

1 . . . .
[Smpz/ﬁkz]“V = <p1’p2’gu|50|k_1,k2’gu> _ ﬁ/daflde (e P1T1iP2T2 | o —IP1T2 zplacz) '(/)out(x17x2)

u/\(kP 2))tw (kp1))
s 5(p1+p2_At_k1_k2+Ay)7 (10)
PXC;Q )\z:l 2T PQ(2) — — kp(g) + Ay 4140t f

where P and @ are permutation operators that act on indices 1, 2. In (10), the denominator arises from the arguments
above regarding sequential scattering. When A, + A, = 2A,, one recovers the familiar form of S° that contains two
d functions. Here however, the S° contains only a single § function. Therefore, in the sequential scattering process,
the single photon energy is not conserved, if the incident wave is the symmetrized plane wave as shown in (6).

The three-level A-type atom we consider here exhibits the effect of electromagnetically induced transparency (EIT)
when a classical field is used to couple the metastable level |g2) and the excited state |e) [50]. In the presence of the
classical field, the system is described by a Hamiltonian with a unique ground state and hence the general structure of
two-photon S matrix (10) is not present [41]. Therefore, the form of the two-photon S matrix in fact can be controlled
by the classical field in the A-type atom relevant for EIT physics. Also, experimentally, the form of the S matrix
that we predict here can be probed by injecting into the system a weak coherent state and measuring the correlation
function G(Q)(T) as a function of incident photon energy E in the regime when the time delay 7 is larger than the
atom lifetime. We provide a more detailed discussion in the Appendix.

The heuristic arguments above that lead to (10) can be applied to other systems supporting multiple ground states,
including optomechanical cavities [44] which also contains multiple ground states due to the phonon side bands. Here,
by multiple ground states, we include the cases where the ground state manifolds contain metastable states, as long
as the lifetime of these states significantly exceed the relevant interaction or scattering time-scales [45]. Consequently,
instead of validating the heuristic arguments in the above specific system with the Hamiltonian (23), we prove the

form (10) by computing the two-photon S matrix explicitly for a general waveguide QED system consisting of a single



mode waveguide coupled to a local system

H= /dkkclck +4/ % /dk (cza + aTck> + Hgysla, b, (11)

where Hgysla,b] is the Hamiltonian of the local system. a is one of the local system’s operators that couples to the
waveguide and b denotes its other degrees of freedom. For example, the local system can be a cavity like the James-
Cummings model or the optomechanical cavity, where a is the bosonic annihilation operator of the cavity mode and
b is related to the atom in the James-Cummings model or phonons in an optomechanical cavity. The local system
can also be the multi-level atom such as the three-level atom in (23) with a = Zizl \/?m)\)(e\ as proved in the
Appendix. In all these cases, one can integrate out the waveguide photons to obtain an effective Hamiltonian of the

local system [30, 52, 53]
Hest[a, b] = Hgys[a, b] — z%aTa (12)

We also assume that there exits some total excitation operator of the form N = afa + O(b) such that O > 0 and

[N, Heffi| =0 [55]. With such N, H,g[a,b] can be block diagonalized as
Heg [Nn =Ex NN, N Het = N (A Ex- (13)

Because Heg in (12) is non-Hermitian, its eigenvalues 51)\‘, are in general complex, except for a set of ground states
|ga) which has zero excitation and hence real eigenvalue Ej}. Using the input-output formalism [19, 51, 52, 54], we

can compute the general single photon S matrix as
[Spkl i = 0: 9ul Sk gv) =t (k) 6(p + By — k — Ep), (14)

with

ot Y S
6W+Zs Hawdalohr(lallow) . sb(k) = ~i7—m— (15)

where we insert the biorthogonal basis as defined in (13) to compute the cavity’s Green function [30]. Similarly, we

can compute the two-photon S matrix [Sp,pki ko], = (1, P2, gulS|k1, k2, gv) as

_ Q0 :
Sp1p2k1k2 = Splpgklkg + ZTP1P2]€1]€2 ) (16)

where

(kpe2))taw (kpa))
[SO Kk i —0(p1 +p2 + Ef — k1 — ko — Ey), (17)
p1p2%1 2 % z)\: 2 pQ(g) + EO — ]ﬂp(Q) EO + 10t




i [T;D1P2k1k2]uy =1 [Mplpzklkz],“, (5(]?1 +p2+ Eg — k1 — kg — Eg) ’ (18)
; 1 o o — —
i[Mpipokikal,, = 21y [s6.(p1) + 50, (p2)] [s5 (k1) s (k2) + 85 (k2)s7 (k1)] (gulalp)1 1(pla’|ga) (galalo)r 1(alal|g,)

Apo
; 5 )y 5ot
K o o o o {gulalp)1 1(plalA)2 2(MaT]o)1 1(alat]g,) 1
a7 2 [0 om0k + o5 k) T . (1)

In the above decomposition, the 7" matrix (18), which describes the effect of photon-photon interaction, only contains
single and two excitation poles as well as a single ¢ function related to the energy conservation, as required by the
cluster decomposition principle [34]. The non-interacting part of S matrix (17) has the same structure as in (10),
which becomes the usual direct product of two single-photon S matrix only in the cases of a single ground state or
multiple degenerate ground states. In general, however, S° is not a direct product of the single photon S matrix.
With the two-photon S matrix (16)-(19), we now confirm the heuristic argument presented in Fig.1 by an explicit
calculation. We consider the scattering event of two sequential single photon pulses spatially well separated from each

other. By the identical-particle postulate the two-photon in-state has the form

_ b

]%akalﬁuz
| k1, k2, L, gu) NG

[[k2) @ e PE|ky) + k1) @ e PE|ka)] @ |gu) (20)

where |k) = [ dk f;(k) |k) describe a single photon pulse with mean momentum & [56]. p is the momentum operator
and L is the spatial separation between two pulses. When L is large enough, there should be no photon-photon

interaction. Indeed, one can check explicitly that (18)-(19) satisfies the requirement [34]

lim T |ky, ko, L,g,) =0. (21)

L—oo

As a result, the out-state all comes from the non-interacting part of S matrix (16), that is,
|Out> = lim SO |E1, %Qa Lagu>
L—oo

.1 -
= Lh_I;I;O4;/dpldp2|plap2agu>/dklde [Sglpzklkz]uy <k17k2,gv|klak27L’gD>v

1 _ o _ o
= 52 R @ e s + i)y © €7 ] © ) (22)
J79N

where |k)y, = [ dk tav (k) fry gy — g (K)|k) describes the outgoing single photon pulse with mean momentum k+Ey—Ep
after scattering. By comparing the initial state (20) and the final state (22), one can see that our main result (10)
indeed preserves the sequential ordering as represented by the translation operator e~"?L, and thus produces the
correct result of sequential scattering that agrees with previous thought experiment.

In summary, we generalize the cluster decomposition principle and present the general structure of two-photon S

matrix for a waveguide coupled to a local quantum system with multiple ground states. Such two-photon S matrix has



an analytic structure that differs significantly from the standard connectedness decomposition of the two-particle S

matrix in quantum field theory. We show that such a structure arises from a non-commutivity between the two-photon

S matrix and an operator that exchanges photon orders. Our results here points to significant additional richness in the

analytic structure of S matrix as compared to commonly anticipated. The results also provide a complete description

of photon-photon interaction in several waveguide QED systems, including systems with quantum emitters with

multiple ground states and systems with optomechanical cavities, that are of importance for on-chip manipulation

of photon-photon interactions. Finally, the heuristic arguments we use to argue the generalized form of the cluster

decomposition principle are quite general and can be applied to other three-body scattering scenarios where at least

one body has an internal structure. We thus anticipate that similar S matrix structure exists in inelastic three-body

scattering in other areas of physics as well.

This research is supported by an AFOSR-MURI program, Grant No. FA9550-12-1-0488.

I. APPENDIX

We compute that two-photon S matrix associated with the specific Hamiltonian (3) explicitly and then show that

the result is the same as that reduced from the general results (11)-(19).

We start by the specific Hamiltonian (3)

2 2
#o= ko3 aool+ 30 \/3% [k (dlonel i)

(23)

Let by = |gx)(e] and Dy = \/1]ga) (91] + v/2192) (92| — v/Axle)(e| for X = 1,2, the Heisenberg equations of motion are

2
d _ . . I
%ck = —zkck—zg ”27rbk’
A=1
dk

d
—byx = —iA\by—1iD Cl -
PTAR A bx A mk

We then define the input and output operator as

dk

cn(t) = W ek (to) e tk(t=to) to — —o0
dk )
Cout(t) = Ck(tl) e_lk(t_tl) ’ t1 — +oo

Vezd

and derive the following input-output formalism from the above Heisenberg equations of motion

Cout(t) = cin(t) — /11 b1(t) — i/ 2 ba(2),

%b)\ = — {A,\—i<%+%>} by —iDycin



{A)\-i-’é (él + %)} by — 1Dy cout -

(26)
A key property with respect to the (25)-(26) the quantum causality condition which states that
oA, ein(t)] = [Bh (1), cin(®)] = [2(0). e ®)] = [B{ (1), lu®)] =0, fort <t (27)
[BA®): cout(t)] = [B1(0): cont(t)] = [22(0), chue(@)] = [B{(0), chu¥)] =0, for e >, (28)
The N-photon S matrix can be related to the input and output operators as
CA—— H / j;ﬂ J_V j% <o,gu|ﬁlcout ﬁ e (t))10,9.), (29)

j=1
and all we need to compute is the N-photon S matrix in the time domain

N

N
N)E<07gﬂ|Hcout H |0 g,, .
i=1

Sw(t’l...t’N;tl...t

Let A = \/71b1 + /72 b2. Using the input-output relation (24) and the quantum causality condition (27)-(28)

can reduce the computation of the S matrix to the computation of the Green function consisting of only the operator

A. For the single and two-photon S matrices, we have
S (t'51) = 8(t' = )8 — (0,9, |TA) AT (1)[0, 90) ,

Sy (tity;tita) = 6(t) —t1)0(ty — t2)du, + 0(t) — t2)d(ty —t1)d,,

—(0, 9| TA(}) AT (£1)10, 9,)0 (5 — t2) — (0, 9| TA(t5) AT (t2)[0, 9,)8(t] — t1)

_<Ovg;L|TA(t/1)AT(t2)|O’gu>6(t/2 - tl) - <O‘TA(t12)AT(t1)‘O7gv>6(t/1 - t2)

+(0, 9| TA(t)) A(ty) AT (81) AT (£2)[0, 90 -

All the left is to compute the Green functions (0, g, |T A(t')AT(¢)]0, g,) and (0, g,.| T A(t}) A(th) AT (t1) AT (£2)[0, g,.)

Finally, the Green functions can be computed using the effective Hamiltonian of the atom

Her == Aaloalgrl =i (2 +2) Je)(el
A=1

30
2 " 2 (30)
without involving the waveguide photon’s degrees of freedom. That is, if we define

A(t) = ¢iHerrt g oiHert E(t) = giHertt gt g=ilest 31)

then we have

(0, 9| TA(tY) -~ A(th AT (1) - AT (tar)]0, 90) = (0, 9| TA(t) - A(th)AT(t1) -+~ AF(tar)[0,0,) . (32)
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Note that A = 23:1 /7x bx. More generally, we have

<ng#|7—bﬂl (tll> o 'bPM (th)bil (tl) o 'b;M (tM)|079V> = <07g#|7;591 (t/l) o bPM (tM)bT)\l (tl) bT)\M (tM)|0ﬂgV> (33)

with by (t) = eiflettt b giHest l;LA(t) = ¢iHet pl g=iHert
The proof of (33) is as follows. Consider the derivatives with respect to some time labels ¢ and ¢;, the left side of

(33) satisfies

O s = 2 y _ dby, (1)
at/LHS - 87," (0, gpul -+ by, (3) 10,90) = (0, gul dt! 10, g.,)
- (g2 Y- —i
= —i A, z(2 + )] (0.l Bt 10,900 = (0, gl -+ Dyt () -+ 10,)

- fan-i(3 3 s

where in the first line we reorder the order of operators as required by the time-ordering operator. The symbols ”- - -”
before and after b, (¢;) represent all the operators with time labels smaller and larger than ¢}, respectively. In the

second line, we plug in the input-output formalism (25). Finally, using the quantum causality condition (27), we have

<Ov glt| e D/Ji, (t;) Cin(tg) e |O7gl/> = <0’ gM| e Dpi (t;) e Cin(t;)lo,gy> =0. Similarly,

) ) dv} (t;)

—LH - = bt ()10, g,) = cee =220, gy
=1 {AAJ _2(514_ 22)] <0 gM| bT/\j(tj)"'|O7gV>+Z<O7g,u"" out( )DT ( ) "'|ngv>
_ (02
_Z{AM Z(2+2)]LHS’

where we use the the input-output formalism (26) in the second line and use the quantum causality condition (28) so
that (0,9, - et )DT (t;) ---10,9,) = (0, gu|cout( i) DT S (t5) -++10,9,) = 0. On the other hand, the right side

of (33) satisfies

STRHS = 50,1+ () [0.0,) = 0.5+ o) o)
= (0,9, et Heret [Heg, by, ] o iHesrt] 410, )
= =i |8, =i (5 +2)] ©Ogul - Bpult)-10.9.)
= — [Apﬁi(%+%)] RHS,

;tJRHS — (r£j<079u|"' Z;TAJ(tj)~-~|O,gl,> =0, g, W 410, g0)

= Z<Oa g,u| e eiHCfftj {Hcf'fa bJ)r\]:| eiiHCfftj e |Oa gz/>

- [AA _Z(% +72)} (0,9ul -+ 01x,(t5) - +10,9)

2 2
ifo (33 s
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where we use the definition of Epi (t), b x; (t;) as well as the effective Hamiltonian (30) and then compute their
commutators explicitly. Therefore, both the left and right side of (33) satisfy the same set of partial differential
equations with respect to t; and ¢; for any 1 <4,j < M. As a result, (33) holds and so does (32).

With all the above preparations, we are already to compute the single and two-photon S matrices. We start by

computing the two- and four-point Green functions as

G (1) = (0,0, TAW)AY(1)]0, 9,) = (0, 9| TA(¥) AT (1)[0, g}

> VA 0, 9ulbp (E)bFA(1)]0, 6,)0(E — 1)

pA=1

= A (0, gulet et b e~ il =0pF e=iflexit 0 g Vg (1" — 1)

\/,We—iAut/-i-iA,te—(%l+772)(t'—t)6.(t/ —1),

and

(0, gul TA() A(t5) AT (12) A1 (£2)[0, 91) = (0, 9, [T A(#;) A(t5) AT (1) AT (£2)[0, g, )

= VY imO,gu b (f’pa)) b (toq)) ba (t’mz)) bty (tow) 10, 9.)0 (t'Pu) - t@(l)) 0 (tcz(l) - t'zv(z)) 0 (t'P@) - t@<2>)

P,Q \=1

2
DY Galtryitea) vt ta)0 (tQ(l) - tﬂ)(z)) ;
P,Q A=1

where P, () are permutations over indices 1,2. By Fourier transformation, we have

' . . dt _. (N
G = wt' =ikt g (V) = - Sp—A,—k+A,).
[ Pk]'ul/ \/ﬁe me m ( ) k_AV_’_Z(%_’_’y?Q) (p I )

As a result, the single photon S matrix is
[Spk]lw = 5(17 - ]f)(suu - [ka]w, = t;w(k) 5(17 - Au —k+ Au) ,
where t,,, (k) is exactly the same as (5). For two-photon S matrix,

Opv
Spipakikal = 757 D0 (Poy = krm) 0 (Pow) = kp@) = X [Gran ken ], 0 (Po) — k)

P,Q P,Q
dl { GPQ(z)Q] ) [lep(l)} 5y
6 —1l—k .
+§;/ VI T-pg i e T iThe)

Submitting the expression of [ka]uu leads to the final result:

[Splp2k1k2]'uy = [Sp1p2k1k2}uu +i [M;Dlpzlﬁkz]ﬂy 6<p1 +p2 — AM — k1 — ko + AV) > (34)
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where

tux(Ep2))tau(kp(1))

[Sp1p2 k1 kz} = Z

701 — Ay =k — k2 + Ay, 35
A= <7 Pe@) T Ay —kpa) + Ay +1i0% (1 +p2 p— K1 — 2 ) (35)

v
O

5

l\')‘N

TMpipatakal,, = =B ti(F+%F) p-A+i(F+F)

2
L
— 27
1 1
V YT 1 . 72)+ . X
2

1 1
;; kpay —Ax+i (B + %) kpey) —Av+i (B + %)

35) is exactly the same as that obtained by our heuristic arguments.

( ) y y g

Now we check that our general result (11)-(19) can give the correct result of the two-photon S matrix for three-level

atom as computed above. Applying the general Hamiltonian (11) to the specific Hamiltonian (3), we have

The resulting effective Hamiltonian from (12) is

2 2
Heg = AZ:1M9A><9A| + e)(el - igata = ;Mgmw +[o-i(Z+5)]leel, (38)

which can be diagonalized as

Hetlgs) = Balgr),  Henlgo) = Bolgs),  Heale) = [2 =i (5 + %) ]le).-

In other word, we have Ef = Eu associated with the ground state |g,) for 4 = 1,2 and £ = Q—i (L + 2) together
with |p)1 = |e), 1(p| = (e| for p = 1. In this special case, the excitation number cannot be larger than one and the

second line of (19) vanishes. Furthermore,

s e oLy s v
gula = {(plalgu)1 =/—, sh(k)=—i — 39

for p = 1,2 and p = 1. Submitting (39) into (17)-(19) , the general results (17)-(19) indeed reduce to the form of
(34)-(36).

Finally, we consider the two-photon correlation function that describes the photon statistics of the outgoing two-
photon state. Without loss of generality, we consider an incident two-photon plane-wave state |k1, ko, g,,) comprised

of two photons with individual frequencies ki and ko, as described by

1

k1, k2, 90) = /dﬂfldl’zpklkg (21, 22) ECT(M)CT(@)\O,QJ ;

1
V227

where Py p, (11,72) = [ehrmigihara 4 gikaz2eikami] i g symmetrized two-photon plane wave. With the

two-photon S matrix (34)-(36), the outgoing state with the atom state |g,) can be computed as |out), =
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1 [ dp1dps [Spypais ka)y [P1, P25 9u) and the two-photon correlation function associated with this outgoing state is
G (r) = jfout|c(y)e(y + 7)ct (y + 7)cl (y) |out),, . (40)

For large 7, the interacting part of the S matrix has no contributions. Only the non-interacting part S° matters.

That is, for large 7, we can compute (40) using

1
jout),, = 5 /dp1dpz [Spiparinal P12 P2, 910) (41)

Therefore, experimentally we can validate our main result (35) by measuring the G® (1) when 7 is very large, as

shown in Fig.2. Our main result (35) differs from the commonly anticipated disconnected form

2
isconnecte 1
[Stp}lpgklkgt d] uv = 5 Z {[Splh]#)\ [Sp2k2])\y + [SPle]p)\ [Splkz})\u + [Splkz]u)\ [Sp2k1]>\y + [szkQ]#)\ [Splkl])\y}
A=1

when A; # Ay, leading to a qualitative difference on G2 (7).

G?(10°/4,) (a) G®(10°/4,) (b)
0.12 - - - 0.16 - -
— our form — our form
0.10 | - = disconnected form |/ 0.14 - - disconnected form |]|

0.12}
0.08 - o.10lL

0.06 | 0.08 -

0.04 | 0-08¢
0.04|

0.02}
0.02|

0.00 - - - 0.00 - -
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

E/2A, E/2A,

FIG. 2: The two-photon correlation function G® (7 = 10°/A;) as a function of the two photons’ total energy E when
ki = ka = E/2 and 71 = 72 = A1/5. In both cases, the initial and final states of the atom are the ground state |g1). (a)
Ay = A;. In this case, our result (35) is the same as the commonly anticipated disconnected form and thus the two-photon
correlation functions are identical. (b) Ay = A;/2. In this case, our main result (35) leads to a significant ‘bump’ in the

two-photon correlation function as compared to the disconnected form.
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