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Chiral quantum optics with V-level atoms and coherent quantum feedback
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We study the dissipative dynamics of an atom in a V-level configuration driven by lasers and coupled to a
semi-infinite waveguide. The coupling to the waveguide is chiral, in that each transition interacts only with the
modes propagating in a given direction, and this direction is opposite for the two transitions. The waveguide is

terminated by a mirror which coherently feeds the photon stream emitted by one transition back to the atom.
First, we are interested in the dynamics of the atom in the Markovian limit where the time delay in the feedback is
negligible. Specifically, we study the conditions under which the atom evolves towards a pure “dark™ stationary
state, where the photons emitted by both transitions interfere destructively thanks to the coherent feedback, and
the overall emission vanishes. This is a single-atom analog of the quantum dimer, where a pair of laser-driven
two-level atoms is coupled to a unidirectional waveguide and dissipates towards a pure entangled dark state. Our
setup should be feasible with current state-of-the-art experiments. Second, we extend our study to non-Markovian
regimes and investigate the effect of the feedback retardation on the steady state.
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I. INTRODUCTION

The ability to engineer the coupling between quantum
optical systems and photonic baths allows for many appli-
cations in quantum information [1,2], such as the preparation
of single- or many-body quantum states via the dissipative
emission of photons [3-5]. During the last decade, tremen-
dous experimental progress has been made to efficiently
couple atoms (either real or artificial) to one-dimensional
waveguides [6-11], for instance, with real atoms coupled
to optical fibers [12,13] or photonic structures [14—16]. For
the last few years there has been a strong interest towards
the implementation of chiral couplings between atoms and
waveguides, where by “chiral” we mean that the coupling
depends on the propagation direction of the photons in the
waveguide. Several recent experiments have demonstrated
such chiral couplings between quantum emitters and guided
light fields, for instance, using atoms coupled to the evanescent
field of whispering-gallery-modes bottle microresonators [17]
and tapered optical fibers [18], or quantum dots in photonic
nanostructures [19,20].

Chiral couplings allow for the formation of entangled states
as pure steady states of the dynamics of laser-driven open
systems via the dissipative emission of photons [21-23]. In
particular, it was shown in Ref. [24] that an ensemble of
atomic two-level systems (TLS) driven by classical fields
and coupled to a unidirectional waveguide eventually stops
emitting photons in the waveguide under the right conditions
on the driving fields. The atoms then form EPR-correlated pairs
[see Fig. 1(a)] where the photons emitted by the first atom are
coherently absorbed by the second one. The atomic pair, called
quantum dimer, now forms a pure dark state p(t) — |D)(D|
which is decoupled from the waveguide. This steady state is
of the form |D) o |gg) + a(leg) — |ge)), where |g) and |e)
are the ground and excited states of each TLS and « depends
on the setup parameters. Only the excited components of the
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state contribute to the photon radiation in the open waveguide,
and their total contribution vanishes thanks to their opposite
sign.

While the long-term goal is to observe this phenomenon
in the laboratory, the purpose of this work is to explore the
possibility of experimenting analogous physics with a single
atom, which would be achievable at the current state of
the technology. The system of interest is represented in
Fig. 1(b), and is constituted of a single atom coherently driven
by its quantum feedback and by external lasers. The atom
has a V-level configuration where the transitions are coupled
to the guided modes propagating in opposite directions.
The first question we want to address is thus whether the
dynamics of the two atoms of Fig. 1(a) can be mimicked
by the interaction of one atom with its mirror image. The
pumping to a dark state in both setups can be achieved only if
the coupling to external nonguided modes y’ is negligible.
Recent experiments coupling atoms to waveguides (albeit
without featuring chiral couplings) have reported 8 factors
of B=y/(y +y’) =~ 0.5 [25,26], with y the coupling to the
guided modes. On the other hand, very high B factors of
B = 0.98 have been reached using quantum dots as artificial
atoms [27]. As an alternative way to increase the coupling
strength between the atom and the guided modes, we consider
the setup of Fig. 1(c), where the atom is coupled with a rate
g to a cavity which preserves chiral coupling [17] and is
itself strongly coupled to the guided modes with a rate «.
In the bad-cavity regime g < «, the atom undergoes the same
dynamics as in Fig. 1(b), with y ~ (2¢)?/« and an increased
B factor [16,28].

Moreover, our system is a very simple example of coherent
quantum feedback [29], and from a theory viewpoint the effect
of the delay in the feedback has recently attracted a lot of
interest [30-35]. In general, one of the requirements for the
existence of pure atomic states is that the photon number be-
tween the mirror and the atom is negligible, otherwise, the atom
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FIG. 1. (a) A pair of two-level systems (TLS) coupled to a
unidirectional waveguide. The TLSs are driven by classical fields
with Rabi frequencies 2 and are additionally coupled to the guided
modes with a rate y and to nonguided modes with a rate ' which
we will first assume to be negligible. Under specific conditions, the
photons emitted by the left TLS are fully coherently absorbed by the
right one. Remarkably, the whole system then relaxes towards a pure
dark state, where the photon emission vanishes [24]. See Sec. II.
(b) Atom in a V-level configuration driven with a Rabi frequency 2
and coupled to a bidirectional waveguide, where the two transitions
couple to the guided modes propagating in opposite directions,
represented with red and blue arrows, with the same rate y. The
photon stream propagating to the left is fed back to the system,
which now acts as its own coherent absorber. Under the appropriate
conditions, the system relaxes towards a pure dark state, analogously
to the case described in (a). See Secs. III A and IIIB. (c) The
cooperativity can be increased by coupling the atom with a rate
g to a cavity which preserves chiral coupling [17] and is also
coupled with a rate « to the guided modes. In the bad-cavity regime
g < k, the system reproduces the physics described in (b), with an
effective atom-waveguide coupling of y ~ (2g)?/« and a negligible
decoherence rate y’. See Sec. III C.

.

would become entangled with these photons. This assumption
is equivalent to the usual Markovian approximation, where the
retardation effects in the effective atomic dynamics, induced by
the finite photon travel time, are neglected in order to derive
an atomic master equation [22,23,36]. The second question
we want to address is thus how this finite delay affects the
properties of the steady state. In order to do so, an approach has
been developed in Ref. [31], which employs matrix-product
states (MPS) techniques [37] to track the entangled state of the
atom and of the photons, and dynamically solves the quantum
stochastic Schrodinger equation [38] (QSSE).

The paper is organized as follows. In Sec. II, we briefly
review the physics of the quantum dimer formation with
two-level atoms. In Sec. I, we address the dynamics of
our feedback system in the Markovian limit. We derive the
master equation and analyze the conditions under which the
system dissipates towards a pure dark state. We also show
that by coupling the atom to the cavity of Fig. 1(c) one can
increase the B factor. In Sec. IV, we investigate how the
steady-state properties are modified by the retardation effects
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of a non-Markovian coherent feedback. Finally, in Sec. V we
discuss some experimental considerations such as the effect of
the coupling to external nonguided modes and the effect of an
imperfect chiral coupling to the waveguide.

II. DIMERIZATION OF AN ATOMIC CHAIN

To provide the basis for the understanding of the physics
of our feedback system [Fig. 1(b)], we first review the
formation of entanglement in cascaded many-body two-level
atoms [39,40], i.e., in an ensemble of atoms coupled to a
unidirectional waveguide [41].

Let us first consider two atoms driven by classical fields near
resonance and coupled with a rate y to the guided modes, as
represented in Fig. 1(a). The atoms are separated by a distance
d along the waveguide. We consider the ideal case where
the coupling to the guided modes is perfectly chiral and the
coupling to nonguided modes y’ is negligible. Due to the
unidirectionality of the waveguide, atom 1, on the left, does
not feel the presence of atom 2, on the right. The second
atom, however, is continuously driven by the coherent photon
emission of the first one. If we neglect the travel time of the
photons between both atoms (Markovian approximation), we
can derive a master equation for the atoms, which reads as
(with b = 1) [24]

dp . _
E == _I[HSvp] +2VD[GtOt]pv (1)
where D is the Lindblad superoperator
Dlalp = apa’ — 3{a'a.p}. ©)

The Hamiltonian reads as
Hs = —(81le1){e1] + d2le2){ezl)

Q
— E(a1 +e'% o, +Hece)
+ ig(ei‘/’of”az_ — e o op), 3)

where |g;) and |e;) are the ground and excited states of atom
i =1,2,and 0, = |g;)(e;|. The first two rows of Eq. (3) are
the laser driving terms, with §; = @ — w; < w; the detuning
between the laser frequency @ and the transition frequency
for atom i. The drivings of the two atoms have the same
Rabi frequency 2 and a relative phase ¢’. The last row is the
dipole-dipole interaction induced by the exchange of photons
through the waveguide. The phase acquired by a photon
traveling between both atoms is ¢ = —ad/c where c is the
speed of light in the waveguide. The unidirectionality of the
problem lies in this dipole-dipole term, which is asymmetric
under the exchange of the labels 1 and 2. The last term of Eq. (1)
is the collective decay of the ensemble at a super-radiant rate
2y, where the collective jump operator is

0 = (0] 4+ €'%0;)/V2. 4)

Although two phases appear in Eq. (3), only their difference
¢ — ¢’ affects the dynamics. We can thus gauge ¢’ away in
Eqgs. (3) and (4) by redefining the state |e;) — ¢/¢'|e,) and
the phase ¢ — A¢ = ¢ — ¢’. We now make the assumption
that A¢ is a multiple of 2w, which we will refer to as the
commensurability condition. Let us consider two scenarios.
In the first scenario, the atoms are driven by different lasers
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FIG. 2. (a) Ensemble of laser-driven two-level atoms coupled to a
unidirectional waveguide. (b) As time evolves, the atoms form pairs.
These quantum dimers are in a pure dark state and do not exchange
or radiate photons.

outside of the waveguide. The relative laser phase ¢’ can be
independently tuned, and should be set to ¢ in order to satisfy
the commensurability. In the second scenario, the atoms are
driven by the same laser propagating inside the fiber. In that
case, ¢’ is no longer an independent parameter and is equal to ¢
by definition. Here, the commensurability is thus automatically
satisfied.

We are interested in the formation of pure atomic steady
states p(t) — |Di2)(Dj2|, which have to be in particular
disentangled from the waveguide. This requires that, for
these states, the system should effectively decouple from the
waveguide and stop radiating photons, hence, their appellation
of “dark” states. In terms of Eq. (1), this means that the jump
operator o, which induces decoherence, should annihilate
the steady state. This restricts us to states of the form

|D ) +alSi2)), ®)

1
12) = —(g1&2
J1+ P

where |S12) = (Je1g2) — |g1e2))/~/2 is the “singlet” state. In
order to be a steady state of the Hamiltonian Hg, one can

show that the detunings have to be opposite (§; = —§,), which
yields
Q
=—V2—. 6
* iy + 28, ©

Remarkably, this result can be easily generalized to the
situation represented in Fig. 2(a), where an array of 2N atoms
is coupled to the waveguide. Provided 8; = —§,, the first two
atoms will be pumped to the dark state | D;,) since they are
not influenced by the presence of the other atoms thanks to the
directionality of the problem. As their state converges towards
this steady state, the photon stream between atoms 2 and 3
vanishes, and finally the third and fourth atoms do not feel
the presence of the first two ones either, which allows them
to evolve towards their dark state | D34), provided 83 = —d,.
By iterating this argument, the steady state of the atomic array
will factorize into

|ID) =|D12) ® |D34) ® ... . (N

This is represented in Fig. 2(b). Each atomic pair in a dark
state is called quantum dimer, and the factorization process is
the dimerization of the atomic chain.
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III. MARKOVIAN QUANTUM FEEDBACK

In this section we analyze the dynamics of the atom of
our coherent feedback system [Fig. 1(b)] in the Markovian
limit where the feedback retardation effects are neglected,
and we expose the similarities and the differences with the
quantum dimers of the previous section. In Sec. IIT A, we
derive the master equation for the atom in the ideal case where
the coupling to nonguided modes is negligible. In Sec. III B,
we study the dissipative evolution of the system towards the
steady state and derive the conditions under which this state is
pure. In Sec. III C, we take the nonguided modes into account
and we discuss the possibility of increasing the cooperativity
in this setting by coupling the atom to a cavity in the bad-cavity
regime.

A. Master equation

The system consists of a single laser-driven atom in a
V-level configuration. The atom is coupled to a semi-infinite
waveguide terminated by a mirror located at a distance d
from the atom, as represented in Fig. 1(b). We denote the
atomic ground state by |g), and the excited states by |e;),|es).
The transition operators are given by o;” = |g){e;| (i = 1,2).
Additionally, the o) transition is exclusively coupled to the
guided modes propagating towards the mirror whereas the
o0, transition is coupled to the modes propagating outwards.
We assume that the dispersion relation of the waveguide is
approximately linear around the laser frequency & over a
relevant bandwidth 6 < @ (i.e., w = clk| with @ the mode
frequency, k the wave number along the propagation axis, and
c the speed of light in the waveguide).

The Hamiltonian for the waveguide is thus given by (with
h=1)

@+6

Hp = f dwwb! b,, (8)
@6

where b, annihilates a photon with frequency w, and

[ba,,bju/] = §(w — '). The Hamiltonian for the driven atom
reads as

H, = wiler){e1] + walea){ez|
Q iot _— iot ji¢ _— H
— E(e o, +e“e?o, +H.c), )]

where w; are the transition frequencies, €2 is the Rabi frequency
which we assume real and positive without loss of generality,
and ¢’ is the relative driving phase. We used a rotating wave
approximation (RWA), which is valid for €2,|§;| < @, where
8; = @ — w; is the detuning between the laser and the transition
frequencies. The atom-waveguide interaction Hamiltonian in
the RWA is given by

o+0
Hipy =i / dw g(w)b] (o] + 0, T24/9) —Hec., (10)
@0
where g(w) is the atom-waveguide coupling and the phase
factor is the feedback photon phase which accounts for the
propagation over a distance 2d and for the 7 shift due to
the mirror reflexion. Analogously to the case of Sec. II, the
only physically relevant phase here is the phase difference
7w — 2wd /c — ¢’ between the feedback and the driving phases,
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hence, we will gauge ¢’ away by redefining the state |e;) —
€'?|e,). We will also assume that the coupling is approximately
independent of the frequency over the relevant bandwidth [&® —
0, + 0] and replace g(w) — y/2m.

In order to derive the master equation for the atom, we
move to an interaction picture with respect to the waveguide
Hamiltonian Hp and to a frame rotating with the laser
frequency @ for the atomic transitions. In this picture, the

total Hamiltonian now reads as H!, = H! + H/ , where

Q
HaI = —d1ler){e1] — b2lez){ex] — 5(0'1_ +o0, +Hc) (11)

and
v @40
Hl =i [ do bl (e7 @5
int 2 /{;)_0 w( 1
e OO G Y Hee,  (12)
|

PHYSICAL REVIEW A 94, 033829 (2016)

with T = 2d/c the time delay of the quantum feedback and
AP = 1 — @1 — ¢ the phase difference which we will restrict
to the interval [—,7r ] for convenience. From now on, we will
drop the superscript I and always refer to the Hamiltonians
in this picture. The state of the system comprising the atom
and the waveguide at time ¢ |\W(¢)) is related to the initial state
|Wy) by a unitary operator U (¢) such that |\Il(t)) U@)|Wy),
which satisfies the Schrodinger equation i - U (t) = H U (1).
In the Heisenberg picture, the wavegulde operators b,(t) =
Ut (t)b,U(t) satisfy the Heisenberg equation

bw(t) — %[e—i(d)—w)to_f(l‘) + e_i((b_w)(t_t)eiA(bO‘{(t)],

13)

where o, (1) = U T(t)o*l._U (¢). On the other hand, the Heisen-
berg equation for an operator a(f) acting on the atomic
subspace is

d o+0 o o )
—a= —ila,H, + ,/ 2]; / dwbl ()[a,e @M g (1) 4 e OO A G 7 (1)]
w—0

e[

[a.6" P G.F (1) + @D 8 6k (1], (1). (14)

Note that, in order to simplify the notation, we remove the time dependence of a whenever it should be understood as a(t).
Formally integrating Eq. (13) and inserting the corresponding expression into Eq. (14), we obtain

d
dt

L[

e

where £(1) = f 1 1w by(0)e! @M are the quantum
noise operators. We now perform a Born-Markov treatment
where the integration over w of the phase factors generates
Dirac delta functions of #/, which allows to evaluate the
integral in #'. This approximation is valid if o, (¢') = o, (t)
fort’ € [t — 1/6,t + 1/6], which requires y,2,|8;| < 6. This
gives rise to terms such as

@40 : o ,
/ da)/o dt' e @ =Dg ¥ ("a,0, (1))

w—60

A 271/ dr'st —to (t)la,op ()]
0

=mo; (Ola,o; (1)], (16)

2 ilaH + JYlaE oy (1) — Hel + Jyla.t'(t — e o5 (1) — Hell

dw/ df/ e_l(w w)(t—t") +(l )[Cl o, (t)+el(a) )T 1A¢G (l)]
da)/ dt’ [a, o (t)+e_i(a)_w)te—iA¢U;(t)] i(@—w)(t—t") 7(t)
dw/ dt e~ 1@—o)i+T1=1) ,—iA¢ (t/)[a,af(t)+ei(‘5_w)feiA‘/’02*(t)]

da)/ dt’ ez(w w)(t+t—t') ’A¢[a o*+(t)+e_’(w )T —1A¢ (t)]o‘zf(t/), (15)

(

and

o+0 t e , X
/: d(,()/ dr’ e—z(w—w)(z—r —t)ezA¢al4—(t/)[a’o,2— ()]
w

—6 0
t
~ 2 fo dr'st —t' — v)e'* o (t)a,05 (1)]

=2me' 0 (t — 1T)[a,0;5 (1)]. (17)

For now we are interested in the Markovian limit where 7 is
set to 0T, This requires that the delay is much shorter than the
typical evolution time of the system, i.e., y,Q,|8;| < 1/,
which we will assume from now on. We then obtain the
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quantum Langevin equation for the atomic operators

%a = —ila,H,] + /yla,£'(t)o[ (t) — He]
+ /71a,E1(1)e' %05 (1) — Hee.]

+ g{oﬁ(r)[a,omn — la,0f (O)loy (1)
+ g{a;m[a,o;(t)] — la,05 (D]oy (1))

+y{eo (la.o5 ()] — [a.05 (D]e "oy (1)}
(18)

Let us write the expectation value of this equation for an
initial state |Wy) where the waveguide is in the vacuum state.
In that case, £(1)|Wo) = (Wo|&T(¢) = 0, and we get

d
% = —i(la,H]) + g(af”(t)[a,df(t)] — [a,0," (D]oy (1)

+ §<o;(r>[a,o;<r)] — [a.05 (D]oy (1))

+ye o (tla,o5 ()] — [a,05 ()]e 20, (1)).
(19)

We now move to the Schrodinger picture and express the
average terms in Eq. (19) as

(a) = (Wola|Wo) = Tra{Try[a(O)| W@ (YOI}, (20)

where Tr,, denotes the trace over the waveguide modes, and
Tr, the trace over the atomic states. The atomic density matrix
p is obtained from the full density matrix |W(¢))(W(¢)| by
tracing over the waveguide modes: p(t) = Tr, [| ¥ (@)) (¥ (#)|].
Notice that every operator appearing in Eq. (19) acts only on
the atomic Hilbert space, and can thus be taken out of the
waveguide trace Tr,. The average terms thus read as (a) =
Tr,[a(0)p(?)], and by using the cyclic property of the trace,
one finally obtains the master equation
dp

= = ~ilHa+ Ha.p1 +yDloy +o31p, 21

where the effective dipole-dipole interaction term reads as
Hy = i%(e"wofro{ — e_iA“’cerraf). 22)

‘We will denote the effective Hamiltonian as Her = H,, + Hgyq.
In Fig. 3(a), we show the level scheme of the system along
with the different terms of the master equation.

It is convenient to introduce the following states:

1 .
|S) = E(lel) — e ey)),
] (23)
IT) = ﬁ“el) + e ey)),
and the corresponding operators og = [g)(S| and o, =
|g)(T'|. The master equation can then be expressed as
dp . _
<y = TilHempl + 2yDloy lp, (24)
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(a)
(b)
(c) )
2y i -
’ \T+[aP
» \
\
D) “
|1B)

FIG. 3. Representation of the atom’s dynamics in different basis.
The coherent component is represented in solid black arrows and
the incoherent component in dashed blue ones. (a) {|g),|e1),le2)}
basis. The dynamics is given by Eq. (21). The transitions are driven
with a Rabi frequency 2 and undergo a dipole-dipole interaction.
(b) {lg),1S),|T)} basis. The dynamics is given by Eq. (24). The state
|T) deexcites at a rate 2y and is coherently coupled to the other two
states. When A¢ = 0, the state |S) is decoupled from the ground
state. (c) {|D),|B),|T)} basis. The dynamics coherently couples the
bright component | B) to the decaying state |T'), which incoherently
jumps to the other states via photon emission. Eventually, the system
is pumped into the dark state | D).

where the Hamiltonian now reads as

81+ 8

2

iy —8; + 6
+ <¥o;0f + H.C.)
Q(l—e‘iM _+1+e_iA¢
S— o

2 N V2

We see from Eq. (24) that the state |T') is super-radiant as it
decays with a rate 2y, while the state |S) is subradiant as it
does not spontaneously decay. Although the latter state does
not generate radiation, it is not a dark state since it is unstable,
due to the dipole-dipole term. We illustrate the dynamics of
the atom in Fig. 3(b).

Hefp = —

(ISHSI+ITXT)

or + Hc> (25)
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Notice that the master equation of Eq. (24) is very similar
to the equation for the cascaded two-level atoms of Sec. 1I
[Eq. (1)], where the state |g;g>) is now replaced by |g), the
state |e;g2) by |er), and the state |gje;) by |e2). The double-
excited state |eje;), however, does not have an equivalent in
our feedback setup.

B. Formation of dark states

Due to the dissipation of the open system via photon
emission, the system relaxes towards a steady state which is
in general mixed. However, depending on the settings of the
driving laser, this steady state can be a pure state | D). The two
conditions for the existence of such a state are [42]

(1) [Hesr,|D){DI] =0,

(2) o7 |D) =0.

The first condition implies that the state is stationary, i.e.,
an eigenstate of H.g. The second condition requires that no
incoherent stochastic jump occurs, which is a requirement for
the state to be pure. Since the jump operator is o , such a state
belongs to the manifold spanned by |g) and |S). We can then
write

|D) = (Ig) +alS)) (26)

1
V14 af?
for some «, in analogy with Eq. (5). Requiring this state to be
an eigenstate of H.g provides two constraints. Denoting the
projector on the {|g),|S)} subspace P = |g){g| + |S)(S|, the
firstone is (1 — P)Hg| D) = 0 which means that the coupling
between | D) and |T) must vanish, and yields

Q 1449
¢O=————. 27
V2iy +8 -8
The second one reads as P Heg|D) o |D) which means that
| D) is an eigenstate of the effective Hamiltonian restricted to
the P subspace, and yields

Qe — 1)/V2 + a8 + 8) + Q1 — 2?)/V/2 = 0.
(28)

The existence of a solution for « satisfying these two
constraints strongly depends on the phase difference A¢.
In what follows, we will consider two different regimes,
namely, when the commensurability condition A¢ =0 is
satisfied, and when it is not. Note that if one drives the atom
through the waveguide, ¢’ = m — @7 and the commensurabil-
ity condition is automatically satisfied. In order to tune A¢
to different values, the driving must thus be done using fields
outside of the waveguide. We now show that dark states can
arise in both regimes and that they display different properties.

1. Ap=0

In Sec. II, we have assumed this condition satisfied. Indeed,
one can show [22] that for the quantum dimers, any deviation
from this phase induces a coherent coupling between the |Si,)
state from Eq. (5) and the double-excited state |e;e;). Since the
latter state is not destroyed by the Lindblad jump operator, the
commensurability is a necessary condition for a dark steady
state. In our case, if we assume this condition satisfied, Eq. (28)
simply becomes §; + &, = 0, signifying that the state |S) is not

PHYSICAL REVIEW A 94, 033829 (2016)

detuned from |g). The |S) fraction is then given by
Q
i)/ + 28,

which increases linearly with the Rabi frequency. For any
Q, there exists a dark state as the unique steady state of the
dynamics. Note that this is the same expression as Eq. (6),
which shows the similarities between the physics of our system
and the quantum dimer.

We define the bright state |B) = !

\/m(aﬂg) - |S>)7

which is bright in the sense that, contrary to the dark state, it is
coupled to |T') which eventually decays by emitting photons.
The three states {|T'),|D),|B)} form an orthonormal basis on
the atomic Hilbert space, and the dynamics is represented in
Fig. 3(c), where it is clear that |D) is the steady state. On
this basis, the decay from |T) to |g) generates an effective
decay to | D) with a rate yir = 2y /(1 + |«|?) and to | B) with
a rate |o|?y.s. The time necessary to reach the steady state is
roughly given by 27 /yes, which grows quadratically with €2.
The Hamiltonian from Eq. (24) now takes the simple form

He = 'y+8 14 2
fr l_ —_—
off 2 ! liy + 28;|?

(29)

IT)(B]. (30)

2. A¢ #0

The fact that the state |eje;) from the quantum dimer setup has
no equivalent in our system allows to construct dark states even
when the commensurability is not satisfied, i.e., the feedback
photons are out of phase with the driving. Inserting Eq. (27)
into (28), a relation between the variables of the system can be
obtained. We require €2 to be real, and find that the detunings
must satisfy §; — §, = 0, which is the exact opposite condition
as for the A¢ = 0 case. From now on, we will assume this
condition to be satisfied, and we will denote § = §; = §,. The
requirement for obtaining a dark state then becomes

/v — 1 28/y
/Y =\ TS cos(ag) ~ sin(Ag)

This dark state can be interpreted as follows [see Fig. 3(b)].
In contrast to the case A¢ = 0, the two states |g) and |S)
are coupled by the coherent part of the dynamics. Since a pure
steady state has to be an eigenstate of this coherent evolution, it
restricts the possibility to the two dressed states |+£) = (|g) +

a+|8))/v/1+ |ax]|?, where

€Y

iAp

Q 1—e¢
/2 (32)

- | —eidd 2’
8 £ sgn(Ag),/6? + Q=5 |

Equation (31) then states the condition under which the
couplings to the state |7') from the components of the state
|g) and the state |S) in the state |+) interfere destructively,
rendering |+) a dark eigenstate of the coherent dynamics with
eigenvalue

oy =

y 1 —cos(A¢p)
2 sin(A¢)

In particular, for 6 =0 we find |¢| =1, which is now
independent of the Rabi frequency. Moreover, from Eq. (31)

E,=—-8+ (33)
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FIG. 4. Properties of the steady state, as a function of the Rabi
frequency 2 and the phase difference A¢. The master equation (24)
was solved exactly by vectorizing p. In dashed black lines, we plot
the curves along which we predicted dark states. In the first column,
8 = 0, whereas § = y in the second one. In the first row, we plot the
purity, which is exactly 1 along the black lines. In the second row, we
plot the excitation probability, which is the occupancy of |S). In the
third row, we plot the expectation value of Heg in units of y.

we note that this dark state appears only above a critical Rabi
frequency Q. = y/v/2.

The bright state | B) is identified as the other dressed state
|—) with the energy

Y 1 — cos(A¢)
2 sin(Ag)

On the {|T),|D),|B)} basis, the coherent part of the dynamics
of the system, represented by the black arrow in Fig. 3(c), is
now governed by the Hamiltonian

Heif = =8|T)(T| + E4+|D)(D| + E_|B)(B|
+ (sl T)(B| + H.c.), (35)

where the coupling can be expressed as

Jrp = ig,/z Y O/E_. (36)

In particular, if A¢ — 7 then EL — *oo whereas Jrp
remains finite. In this limit, we see that all three states
effectively decouple, hence, the time necessary to reach the
steady state |D) diverges. For other values of A¢, however,
this time remains finite.

We now look at the whole parameter range for €2 and A¢.
In Fig. 4, we plot some of the properties of the steady state as a
function of 2/y and A¢. When § = 0, the horizontal dashed
black line corresponds to the case A¢ = 0. The other dashed
curve is a plot of Eq. (31). In Fig. 4(a), we see that for any given

E_ = (34)
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phase A¢ # (0,7) there exists a unique Rabi frequency 2 for
which the steady state is dark. By adiabatically increasing the
laser intensity from zero, one would thus observe a dip in the
intensity of the photon emission in the waveguide, which is the
signature of the dark state. Conversely, for @ < Q. = y/ V2
the only possible phase is A¢ = 0 whereas for Q > €, three
different values lead to a dark state. Figure 4(c) shows that, as
predicted, the occupation of |S) along the A¢ = 0 line rapidly
converges to 1 when €2/y increases, whereas along the other
curve it remains constant at % In Fig. 4(e), we see that the
energy of the dark state has the same sign as A¢. When the
detuning becomes nonzero [Figs. 4(b), 4(d), and 4(f)], both
black curves merge into two bands, which are now separated
by a phase gap.

C. Coupling to a cavity in the bad-cavity regime

In the previous sections we have always assumed that
the coupling of the atom to nonguided modes y’ was
negligible compared to the coupling to the guided ones y.
This is currently not the case when working with real atoms,
where 8 = y/(y + ') < 0.5 [26] in setups where the atom-
waveguide coupling is not chiral, and g & 0.025 [28] in setups
featuring chiral couplings. A way to increase the effective
atom-waveguide cooperativity is depicted in Fig. 1(c), where
the atom couples with a rate g to a cavity which preserves
chiral coupling [17]. The cavity is resonant with the laser and
is coupled to the guided modes with a rate «.

In a frame rotating at the laser frequency, the master
equation for the system consisting of atom and cavity is given
by

dp . ,
E = —i[H,,p] +£p+£intp+£cav,0a 37
where the loss to nonguided modes from the atom is given by
L'p = y'(Dloy 1p + Dloy 1p), (38)

the coupling between the cavity and the atom is described by
Linwp = —iglofar +ofas + Hc.,pl (39

and the free evolution of the cavity modes is given by
K
Leawp = E[agar - a}as,p] +2«Dlar]p

+«'(Dlailp + Dlaz1p). (40)

Here, «’ is the intracavity loss rate due to absorption and
coupling to nonguided modes, a; and a, are the annihilation
operator for the cavity modes coupled, respectively, to the o
and o, transitions, and we have defined the 7 and S cavity
modes ar/s = (a; + ¢/*?a)/+/2 in analogy with the o, and
og atomic operators. In order to write the master equation,
we assumed that the time delay t is much smaller than the
relevant time scale of the system, namely here 1/k.

As detailed in Appendix A, in the bad-cavity regime g < «
the cavity can be adiabatically eliminated [43], and the density
matrix for the atom p,, obtained from p by tracing over the
cavity modes, is governed by the following master equation:

dp, . _ _ _
P4 = ilHy,pa]+ 2y Dloy 1o, + Slodop = ofos pa]
+ ' + v J)DIoT 1pa + Dloy 1pa), (1)
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where y = (2¢)%*«/(k + «')? is identified as the effective
atom-waveguide coupling and A¢ has been redefined with an
additional 7 shift, and hence now reads as A¢p = —@t — ¢'.
This shift is reminiscent of the cavity and the fact that a
resonant photon entering it will leave with a 7 shift [44].
The dynamics of Eq. (41) is equivalent to the case without a
cavity [Eq. (24)], with an additional coupling to nonguided
modes whose rate is identified as y,, = ¥’ + y«'/k, so that
the ratio between the respective couplings to the nonguided
and to the guided modes is

/ / /
%=7’7+’%. 42)

In order to have a low ratio, one needs k’ < « [in which case
y ~(2¢)P/klandy’ L y.

IV. BEYOND THE MARKOVIAN APPROXIMATION

In this section, we study the dynamics of our setup
beyond the Markovian regime, when the retardation effects
in the coherent quantum feedback become important. We
are thus interested in the regime where the time delay
7 is non-negligible compared to the relevant time scales,
namely, 1/, 1/y, 1/]5;]. Due to the constant driving, a
non-negligible photon number is now present between the
atom and the mirror, which results in entanglement between
these photons and the atom, and in a retarded dipole-dipole
interaction between the two transitions of the atom. The
previous master equation treatment is no longer valid [31,45]
and one needs to employ numerical methods in order to track
the entangled states of the electromagnetic field and of the
atom. Recently, techniques have been developed to study the
dynamics of photonic circuits consisting of quantum optical
systems coupled via waveguides, where the time delay in the
interaction can be significant [31]. The state of the system
comprising the atom and the photonic field is approximated
using matrix-product states (MPS) methods [37], which are
well suited to account for the entanglement in our system. We
provide a brief description of the method in Appendix B. In
this section, we first neglect the effect of the nonguided modes
and assume a perfect chiral coupling.

In Fig. 5, we show the evolution of the populations of the
atomic reduced density matrix as a function of time. Up to time
t =t = 10/y, the system evolves freely, as if the mirror was
not present. The solution is thus given by a Rabi oscillation
between the ground state |g) and the state (|e;) + |e2))/ V2
with a Rabi frequency /22, and a dissipation induced by
photon emission into the waveguide. At time 7, the system
starts interacting with the feedback, and for A¢ =0, the
feedback photons previously emitted by the o transition are
perfectly in phase with the photons emitted by the o, transition.
This generates a constructive photon interference which
amplifies the emission via a super-radiance process. This is
demonstrated by the sudden dip in the excitation of |e;) and
the bump for the ground state. Consequently, a fraction of this
ground-state bump will be transferred to the occupation of |e;)
by the laser driving which leads to the bump in the excitation
of |e;). A similar process can be distinguished for t = 27, after
which the system becomes very close to the steady state.

PHYSICAL REVIEW A 94, 033829 (2016)
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FIG. 5. Atomic occupation probabilities as a function of time for a
long delay t = 10/y,withQ = y, § = 0,and A¢ = 0. For reference
we plot the ground-state occupation in the Markovian limit.

In Fig. 6, we show how some of the steady-state properties
are affected by an increasing time delay t. In Figs. 6(a)
and 6(b), we see that the purity is locally maximal along
the lines given by A¢ = ¢p + (E+ — E_)T, where ¢p is
one of the values of A¢ for which the steady state is dark
in the Markovian limit, and Ey and E_ are the energies

M), 6y =1

0.2

(C) Ninjected[Y]; 6/7 =0 (d) Ninjected[V], 0/7 =1

02 04 06 08 1
T

(e) Nemitted [Y], 0/7 =0 (f)

FIG. 6. Properties of the steady state as a function of the phase
difference A¢ and the propagation time y v, for @ =2y and 6 =0
(first column) or § = y (second column). In the first row, we plot
the purity of the reduced density matrix of the atom. In the second
row, we plot the number of photons injected inside the feedback loop
per unit time 1/y via the o, transition. In the third row, we plot the
number of photons emitted in the waveguide, outside of the feedback
loop, per unit time 1/y. In dashed lines, we plot ¢p + (E. — E_)7,
where ¢p is one of the values of A¢ for which the steady state is
dark in the Markovian limit, and E and E_ are the energies of the
corresponding dark and bright states, given by Eqgs. (33) and (34), in
black for A¢ > 0 and in white for A¢ < 0.
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of the corresponding dark and bright states, which are
given by Egs. (33) and (34). For § = 0, the phase of the
solution ¢p = 0 is not shifted. The other two solutions are
shifted symmetrically and thus cross at A¢ = +. The purity
decreases locally around this point, which indicates that the
steady state is now mixed. Figures 6(c) and 6(e) show that the
photon number in the waveguide is, however, still very low
(albeit nonzero). For larger values of y t, the photon emission
increases along the dashed lines, therefore, the purity vanishes.
The fact that the photon emission in the dark state with ¢p = 0
increases much more rapidly with y t than for the other dark
states is related to the fact that the component of the dark state
which lies in the excited manifold, given by «, is higher, as can
be seen from Fig. 4(c). This leads to a higher number of photons
injected in the feedback loop, as represented in Fig. 6(c), hence,
even a small delay generates an important number of feedback
photons which are entangled with the system. Similar results
are obtained with § = y in Figs. 6(b), 6(d), and 6(f). Along the
black line, the dark state is much more robust to the increase
of the delay than for the white lines, which is due to the fact
that the value of « is lower [see Fig. 4(d)].

V. EXPERIMENTAL CONSIDERATIONS

To conclude this work, we discuss some experimental
considerations for the physical implementation of our system.

A. Effect of nonguided modes

We now consider the case where the atom can sponta-
neously deexcite by emitting a photon in the nonguided modes
with arate y’. This coupling will effectively decrease the purity
of the steady state. In Fig. 7, we investigate the robustness of
the dark states. In the Markovian regime, this is done by adding
a decoherence term y'(D[o; lp + Dlo, lp) to the master
equation [Eq. (24)]. Figure 7(a) shows that in this regime,
increasing €2 diminishes the purity. Two effects are in play

(a)

‘ b
1 Tr(p?), v7 =0, 7//y = 0.05 . ( ) , Tr(p?), Q/y =2, v//7=10.05 8

0.9 0.5
0

Aol
o
[e:]
Aol

0.7 -0.5

=1
01 02 03 04 05

YT

1—Tr(p?), y7=0, Q/y=2

FIG. 7. Effect of the coupling to nonguided modes. (a) Purity of
the steady state in the Markovian limit, as a function of 2/y and A¢,
for y'/y = 5% and § = 0. (b) Purity of the steady state as a function
of yt and A¢, for y'/y = 5% and § = 0. (c) Impurity of the steady
state in the Markovian limit for 2/y = 2, where A¢ is set to the dark
state phases (A¢ = 0 in solid red, A¢ # 0 in dashed blue).
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here. For the dark state with A¢ = 0, we saw from Eq. (29) that
« increases proportionally with the Rabi frequency. Since o is
the excited fraction of the dark state, which can spontaneously
emit in the nonguided modes, increasing €2 lowers the purity.
For the dark states with A¢ # 0, we saw that the time required
to reach the steady state diverges as A¢ approaches . As
this time becomes large compared to the decoherence time
1/y’, the purity decreases. In Fig. 7(b), we show the effect in
the non-Markovian regime. As the delay t increases, the effect
on the purity is not significantly increased, and the shifting of
the phase with the delay is still very recognizable. In Fig. 7(c),
we show the purity as a function of y’ for Q = 2y. The dark
state with A¢ # 0 (in dashed blue) is more robust than the one
with A¢ = 0 (in solid red) which already for y’'/y = 2% has
a purity of P ~ 0.75.

B. Imperfection of the chiral coupling

Finally, we consider the case where the coupling between
the atom and the waveguide modes is not perfectly chiral.
Each transition of the atom o7 and o, now couples to the
guided modes propagating in both directions. Let us define the
directionality of the coupling as 7 = Ypret/(Vpret + ¥imp), Where
Ypret 18 the decay rate in the preferred direction and iy =
¥ — Ypret the decay rate in the other direction. We assume that
both transitions have the same directionality, although their
preferred directions are opposite. In the definition of the atom-
waveguide interaction Hamiltonian [Eq. (10)], the creation of
a photon propagating towards the mirror is now associated
with the atomic operator o, = /70, +4/1 —no, instead
of o, . For a photon propagating outwards, the atomic operator
isop =+/1—no +./no, insteadof o, .

In the Markovian regime, the master equation [Eq. (24)]
is now modified in the following way. First, the relative laser
phase ¢’ can no longer be gauged away and is instead an
independent parameter which we will set to zero. Second, the
Lindblad jump operator is redefined as o = o, + ¢'*?op,
and undergoes a dipole-dipole interaction with the redefined
operator oy =0, — €0

In Fig. 8, we study the effect of this imperfect directionality.
For the dark state with A¢ = 0, the directionality does not

(a) n=20.9 (b)

Qly

FIG. 8. Effect of the directionality 7 of the system on the purity
of the steady state for § = 0 in the Markovian limit.
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noticeably alter the purity. This situation is in fact analogous to
the dimerization of two-level atoms coupled to a bidirectional
waveguide, where now the atomic pair couples to the left-
moving guided modes with a rate y;, and to the right-moving
ones with a rate yg. This system has been investigated in
Ref. [22], where the authors have shown that as long as y; #
yr, the atoms dimerize to form a unique pure steady state. In
our system, yz, is identified as yprer and Y as Yimp.

For A¢ # 0, on the contrary, the dark state vanishes as
n — 0.5. However, we see that the purity of the steady state is
not drastically altered for small variations of 7. For example,
for n = 0.9, the results are still very similar to the predictions
of the scenario with a perfect directionality n = 1.

VI. CONCLUSION

In this paper, we have studied the dissipative dynamics of
an atom in a V-level configuration exhibiting a chiral coupling
with a semi-infinite waveguide, where the atomic transitions
are coupled to the modes propagating in opposite directions.
The atom is coherently driven by lasers and by its own quantum
feedback. In the Markovian limit, i.e., when the retardation
effects of the quantum feedback are neglected, we have shown
that the dynamics can lead to a situation where the atom is in a
pure steady state and no photons are emitted in the waveguide.
The properties of this steady state crucially depend on the
phase acquired by the quantum feedback.

If this phase is a multiple of 27, the atom mimics the
dynamics of a pair of laser-driven two-level atoms coupled to
a unidirectional waveguide in a cascaded setup [24]. In the
steady state of the dissipative dynamics, these two-level atoms
form a pure EPR-entangled pair which effectively decouples
from the waveguide, and the excited fraction of this steady
state grows linearly with the driving intensity. The current
effort in the development of chiral atom-waveguide couplings
in different platforms [18,20] should allow the observation
of these atomic pairs in the future. In the meantime, we
have shown that a single atom can experience analogous
physics which could be achieved with current state-of-the-art
technology.

If the phase of the quantum feedback is different than
2m, we have shown that the pure steady state of the atom
exhibits very different properties, where the driving strength is
dependent on the feedback phase and the excited fraction of the
steady state is now a constant. We have also extended our study
to non-Markovian regimes, where the retardation effects in the
quantum feedback become important, and we have shown that
this delay induces a shift in the feedback phase.
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APPENDIX A: ADIABATIC ELIMINATION
OF THE CAVITY MODES

We consider the setup of Sec. IIIC and we derive the
master equation for the atom in the regime g < « starting from
Eq. (37). The projection operator for the adiabatic elimination
of the cavity modes is

Pp =Tr(p) ® [0){0],

where Tr, denotes the trace over the cavity modes and |0)
is the vacuum state on the cavity subspace. A second-order
perturbation expansion of the master equation projected on
the P space provides an equation for the atomic density matrix
pa = Trc(p) [38]:

(Al)

‘ift“ = —ilHa,pa) + L'p
+ Tre{P[Lin(—Lea) ™ Lin(pa @ 10)(OD]} . (A2)
LettPa
Using the fact that lim,_, o, e = |0)(0| (the unique steady

state of L,y is the vacuum) and Tr.[Lin(0s ® [0)(0])] = 0, the
third term of the right-hand side can be rewritten

Lettpa = / dt Tre[ Line™ ™' Lin(pa ® 10)(OD].  (A3)
0

‘We now move to a picture where the operators evolve with L4y .
For two operators O and O, acting on the cavity subspace, we
will write (0] O1(2) 0,(0)|0) to denote the vacuum correlations
Tr. [0 €% (0,]0)(0])]. Using this notation and the explicit
form of Ly from Eq. (39), the expression from Eq. (A3) can
be rewritten

X & / di(0la;(1)a(0)[0){o} pa.o;']
0

i.ke{S.T}

+ (0lax (0)a, (1)|0) [0}, 1.

ACef‘fpa =

(A4)

We thus have to obtain the expressions for (Olai(t)az (0)|0) and
(O|ak(0)a3'(t)|0). Using the expression of Eq. (40) for the Liou-
villian, we first solve the equations of motion for (ar(¢)) and
(as(t)) for an arbitrary density matrix p. These equations are
obtained by noting that 4 (a(1)) = £ Tr[ap(t)] = Tr(aLeap).
Using the expression of L.,, from Eq. (40), we get

d /
—far(n) = —<K + K—)(dr(ﬂ) - g(as(t)% (A5)

dt 2
d K K’ A6
7 lasm) = Sar®) = = {as), (A6)
whose solution reads as
(ar(0) = e T2 (ar(0))

— %’e*““’””[(ar(on + (as(O)], (A7)

(as(t)) = e~ “H12(44(0))
+ %te—““’>'/2[<ar<0>> + (asO))].  (AS8)

We now apply the quantum regression theorem [38] to
obtain the vacuum correlations (Ola[(t)a;(0)|0). For example,
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by choosing p = a§|0)<0|, Eq. (A7) provides

t ’
(Olar (1)aj(0)[0) = —Z-e™ 112

(A9)
The other terms are similarly obtained, and the integral in
Eq. (A4) can be performed, which provides the effective
Liouvillian

_ Y _ _
Lettpa = 2VD[US 104 + 5[0;0—5 - U;O'T N

K’ _ _
+)/;(D[Ul 104 + Dloy 104), (A10)
where we define y = (2g)*«/(x + «’)*. In the limit ' — 0,
this Liouvillian describes the coupling of the atom to the
guided modes [Eq. (24)], if we exchange the labels of the states
IT) = (le1) + €2%]e2))/+/2 and |S) = (ler) — €'2%]e))/V/2.
This can be done by redefining the phase A¢ with an additional
7 shift, in which case the master equation becomes Eq. (41).

APPENDIX B: MATRIX-PRODUCT STATE ALGORITHM
IN THE NON-MARKOVIAN REGIME

1. Quantum stochastic Schriodinger equation

We provide here a description of the numerical method
developed in [31] that we use to study our feedback system
in non-Markovian regimes. Let us start from the interaction
picture Hamiltonian given by Egs. (11) and (12) and define the
Fourier transform operators

b(t) = dw b,e! @1, (B1)

1 +6
2w /@70
Their commutation relations can be approximated by a Dirac
delta function [b(¢),b'(t')] ~ 8(t — ') on time scales much
larger than the photon correlation time 1/6. The interaction
Hamiltonian [Eq. (12)] becomes

Hi(t) = i/y[b'(t)o] +b'(t — 1)e'*0, —H.c], (B2)

and provides a quantum stochastic Schrodinger equation [38]
% = [H, + Hy(1)]|¥) for the system comprising the atom

and the waveguide.

2. Time discretization

We discretize time into time steps of length At which
we take much smaller than the relevant time scales
1/y, 1/, 1/]8;|, but much larger than the photon correlation
time 1/6. For a given At we define the quantum noise
increments

ABy = / e b, (B3)

Ir

where fi41 =t + Af, and [AB;,ABl]~ At 8. In this
stroboscopic view, the photons are separated into discrete
time bins, which consist of a bosonic Fock space with the
corresponding annihilation operators given by the operator

A By /~/ At. The Fock basis for each time bin k is denoted

(ie), ix = 1,2, ...}, where |i) = %wa@ and iy is

interpreted as the number of photons in the time bin. We denote
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the state of the system consisting of the atom and all the time
bins as |W(?)).

The evolution between two successive discrete times #;, and
tr+1 1s given by a unitary operator Uy, such that |W(#4)) =
Ui |¥ (#)). Using the Hamiltonian from Eq. (B2), this operator
reads as

Ui = Texpl—i H,At + /y(ABoy

+AB]_ "o, —H.c)l, (B4)

where 7 denotes the time ordering of the b(r) operators
appearing if one replaces the A B operators by their definition
[Eq. (B3)]. To first order in At, we will neglect this time
ordering. During each time step k, we see that the atom
interacts only with the time bins k and k — m, where we have
defined m = | t/At]. The first one physically corresponds to
the photons emitted towards the mirror, whereas the second
one corresponds to the delayed interaction with the feedback
photons.

We assume that the initial state is of the form |W(r = 0)) =
K/ ®;°=1 |¢p), where |,) denotes the initial state of the
atom and |¢,) the initial state of the time bin p (namely,
the vacuum state in our case), hence the system is initially
fully disentangled. After an evolution up to time f;, the
entanglement grows and in general the system is of the form
W () = 1Y (1) ®)Z |9p), where [(1k)) denotes the state
of the system comprising the atom and the time bins up to
p =k — 1. We work in the basis |i,,ix—1,ix-2, ... ,i1), where
i, € {g,e1,ey} labels the atomic states. On this basis, |y (#))
is decomposed as

W) = D Vigisricanisliarik—tik—2, ....i1).  (BS)

ia:{ip}

3. Matrix-product state algorithm

The matrix-product state (MPS) [37] approach consists in
writing the amplitude as the trace of a product of matrices

Viviv s = Tr(Alal“ Alk — 111 Alk — 2]*2..), (B6)

where each A[ p]’» is a matrix of finite dimensions D p X Dp_y.
The bond dimension D), represents the entanglement between
the different components of the system, more precisely
between the two parties formed by a bipartite cut of the time
bins between bins p and p + 1. The objects A[p] are thus
tensors with two bond indices encoding the entanglement, and
one physical index i,. In our case, we use open boundary
conditions, meaning that D, = Dy = 1 at each time #;. Note
that by setting a boundary Dy,,x for the bond dimensions,
the numerical cost is bounded by Nd D2, for N bins with
a physical dimension d. This can be much lower than the
usual exponential complexity dV. As discussed in Ref. [31],
Dpax needs to increase exponentially with the delay y t due to
long-range correlations between the bins which increase the
entanglement entropy. However, given a fixed y 7, the entropy
remains constant once the system reaches the steady state,
meaning that the numerical cost increases only linearly with
time.

The algorithm then consists in updating the tensors at each
time step in the following way. We first extend the definition of
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the system by one time bin. Formally, this amounts to writing
Vivigicr... = THALKI* Ala]" Alk — 1] ..), B7)

where A[k]* = §;, o is a 1 x 1 matrix, as this new time bin
is still completely disentangled from the rest of the system.
The Kronecker delta signifies that the state of the time bin
is the vacuum state. The next step is to apply the unitary
evolution from Eq. (B4). U, can be seen as a tensor with
six physical indices, three of which are to be contracted
with the physical indices of the MPS tensors A[a], A[k] and
Alk — m] to obtain the evolved state. Notice that A[a] and A[k]
are successive tensors in the state representation [Eq. (B7)],
which corresponds to a short-range interaction between the
tensors. On the other hand, the interaction with A[k — m] is
more involved, as it implies long-range interactions, hence,

PHYSICAL REVIEW A 94, 033829 (2016)

all the bins between A[k] and A[k — m] must be updated
in order to account for the entanglement increase arising
from this interaction. Various methods for dealing with these
interactions exist [46—48]. Our algorithm is described in details
in the Supplemental Material of [31] and employs a method
proposed in [49,50]. It consists in exchanging recursively
m — 1 times the state of the (k — m)th bin with that of the
(k — m + 1)th bin in order to obtain an MPS description of
the state where all three interacting tensors are successive
tensors. We then merge these three tensors into a tensor with
three physical indices i,i,,ix—n, and locally apply the unitary
tensor Uy by contracting these indices. The resulting tensor
can finally be brought back into single bin tensors by applying
singular value decompositions (SVD), and by exchanging the
positions of A[k] and A[a], the system is put back in the form
of Eq. (B6), with k — k + 1.
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