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Abstract. We investigate the evolution of interacting Rydberg gases in the limit
of strong noise and dissipation. Starting from a description in terms of a Markovian
quantum master equation we derive effective equations of motion that govern the
dynamics on a “coarse-grained” timescale where fast dissipative degrees of freedom
have been adiabatically eliminated. Specifically, we consider two scenarios which are of
relevance for current theoretical and experimental studies — Rydberg atoms in a two-
level (spin) approximation subject to strong dephasing noise as well as Rydberg atoms
under so-called electromagnetically induced transparency (EIT) conditions and fast
radiative decay. In the former case we find that the effective dynamics is described by
classical rate equations up to second order in an appropriate perturbative expansion.
This drastically reduces the computational complexity of numerical simulations in
comparison to the full quantum master equation. When accounting for the fourth
order correction in this expansion, however, we find that the resulting equation breaks
the preservation of positivity and thus cannot be interpreted as a proper classical
master rate equation. In the EIT system we find that the expansion up to second
order retains information not only on the “classical” observables, but also on some
quantum coherences. Nevertheless, this perturbative treatment still achieves a non-
trivial reduction of complexity with respect to the original problem.
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1. Introduction

Gases of interacting highly excited Rydberg atoms are becoming an increasingly popular
theoretical and experimental platform for the investigation of the physics of strongly
interacting many-body systems [I}, 2]. The main distinction between these systems and
“traditional” ones restricted to low-lying excited states lies in the huge enhancement in
the interaction between the atoms, which can be several orders of magnitude stronger
for typical experimental parameters. Indeed, two atoms in a Rydberg state usually
experience extremely strong dipole-dipole or van der Waals forces (see e.g., [3]). These
in turn considerably affect both the static [4] 5] [6, [7, 8] and dynamic [9} 10} 1T}, 12} 13} [14]
properties of the system.

The rather long lifetime of these Rydberg states allows for probing of the coherent
evolution of these many-body systems up to relatively long time-scales. Here, however,
we will focus on situations (currently studied with great interest) where accounting
for dissipative processes leads to interesting changes in both the dynamics and the
stationary properties. These processes emerge due to the coupling of the system
to external degrees of freedom, which produce e.g. decay via spontaneous emission
(fluorescence) and noise-induced loss of coherence (dephasing). The evolution is
typically well described in terms of a quantum master equation with Markovian noise
(an overview on methods for treating the non-Markovian case as well can be found in
[T5]). While such a modelling is certainly among the simplest descriptions of an open
quantum system it still poses severe challenges when trying to conduct a numerical
treatment for large system sizes V. This is due to the very fast increase in the dimension
of the many-body Liouville space (b* with b being the dimension of the single-particle
Hilbert space, e.g., b = 2 for an Ising spin). Some procedures to address this issue have
been developed which divide the system into two parts, a subsystem of interest and an
environment which is traced away |16, [L7].

A somewhat different framework arises when it is possible to identify degrees
of freedom that evolve on vastly different timescales. Adiabatically eliminating fast-
evolving ones might then allow the derivation of an effective equation of motion for
the remaining slow degrees of freedom that portrays a reduced complexity and might
be amenable to numerical treatment (see or [16] for a general description
of the method, based on the Nakajima-Zwanzig projection formalism [I8 [19]). One
of the first works to apply an idea along those lines to Rydberg systems was that of
Ates et al. 20, 21], where it was shown that — in an appropriate limit — properties
of the stationary state of an interacting Rydberg gas can be extracted via a classical
Monte-Carlo method. This made the simulation of stationary properties of large scale
Rydberg systems feasible and several recent works employ variations of the same method
(14}, 22, 23], 24} 25, 26, 27].

Besides studying the properties of the stationary state there is great current interest
in the understanding of the out-of-equilibrium dynamics of these interacting Rydberg
gases. Here, effective equations of motion that describe the systems’ dynamics in terms
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of a classical rate equation have been put forward and used by several authors both in
purely theoretical works [I4], 28, 29] and to model actual experimental data [30] B1].

The purpose of this paper is to give a detailed account of the derivation of effective
equations of motion that describe the many-body dynamics of interacting Rydberg gases
in the limit of strong dissipation. Specifically, we will discuss the two scenarios depicted
in figure [Il that are directly relevant to current experiments:

The first one is that of a Rydberg gas in which atoms are modelled by coherently
driven and interacting two-level systems. Here dissipation is present in the form
of dephasing noise that quickly destroys coherent superpositions between the two
states. This corresponds approximately to the experimental situations discussed in
Refs. [30, BI]. We show that in the limit of strong dephasing the dynamics of
the interacting two-level systems is described — up to second order in the relevant
perturbative expansion — by a classical rate equation; the corresponding stochastic
process is described by single spin flips subject to kinetic constraints [32]. We then
proceed further and calculate the fourth-order corrections, showing that they result in
new processes, such as simultaneous two-spin flips. However, it turns out that, unlike for
the second order case, there are domains in the space of physical parameters for which

¢

some of the “rates” become negative, thereby breaking the conservation of positivity.
Hence, a standard treatment in terms of a classical stochastic dynamics is not always
possible. Yet, the perturbative expansion is formally correct and our numerical analysis
shows that said breakdown only affects the initial stage of the dynamics, whereas for
long times a good agreement with numerically exact data is still found. We conclude
the discussion by including (radiative) decay from the upper to the lower atomic level
in the rate equation treatment.

The second scenario we are considering is that of Rydberg gases under so-called
electromagnetically induced transparency (EIT) conditions. In this regime, which has
been studied experimentally in Refs. [33] [34] 35] B36], 37, [38] 39], atoms are modelled by
coherently driven and interacting three-level systems. Dissipation enters through a fast
(radiative) decay of the middle level to the lower one. In this case, the fast dissipative
dynamics is of a different nature and does not necessarily project onto a classical spin
configuration. Therefore, information on some quantum coherences must be retained.
Despite the fact that one does not gain as simple a description as in the case above,
the resulting reduced equation is still in Lindblad form and offers therefore a simplified
alternative to the study of the one acting on the whole Hilbert space. In particular, the
interatomic interaction needs to be taken into account coherently, while the elimination
of the fast decay leads to an unusual form of effective dissipation that drives the system
into coherent superposition states. We conclude the discussion of the three-level system
by considering the limit of infinitely strong nearest-neighbour interaction, for which
we find an effective purely-dissipative quantum dynamics that is reminiscent of that of
quantum analogues of kinetically constrained spin models [40].

The paper is organized such that the central results and conclusions are presented in
the main text, whilst a more detailed formal derivation is provided in the final appendices
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Figure 1. Atomic level schemes considered in this paper. Two atoms effectively only
interact when they are both excited to the Rydberg state |1); here we denote with V/
the strength of such an interaction. Most of the current experiments can be modelled
by the following two descriptions: (a): Two-level atoms driven by a laser with Rabi
frequency  and detuning A. The main dissipation mechanism we consider here is
dephasing (at rate ) of superpositions between the states |1) and |}). We will also
take into account the decay from [1) to ||) with rate I'yyq, which is usually small
compared to v and thus will be treated perturbatively. (b): Three-level atoms in an
EIT configuration, i.e. where the excitation of the Rydberg states is performed via a
transition between the ground state ||) and the intermediate state |«<—). Within the
time-scales of interest, spontaneous decay processes are assumed to be relevant only
for the intermediate state, whose inverse lifetime is T".

to which we refer in the appropriate sections.

2. Two-level Rydberg atoms in the presence of strong dephasing noise

We consider here a gas of N atoms with two relevant internal levels as shown in figure
Mi(a). We assume that the timescale of the external motion of the atoms is much larger
than the one in which the electronic dynamics takes place. This “frozen gas” picture has
been shown to be adequate in a vast number of theoretical and experimental works. The
ground state |[|) and the Rydberg state |1) are coupled by a laser with Rabi frequency
2 and detuning A. In order to avoid having an explicit angular dependence of the
interaction, the excited state is typically chosen to have spherical symmetry, i.e., to be
an S orbital. Sharing the same parity of the ground state, however, it is not possible
to reach it via a single dipole transition; in practice, this excitation must be achieved
by means of a two-photon process via a far off-resonant excitation of an intermediate
state. In this case the two-level approximation is adequate. Later we will, however, also
account for the case of near-resonant excitation of such an intermediate level, which
makes it necessary to include it as well in the description.

When two atoms (k and m) are simultaneously excited to the Rydberg state they
interact due to the electrostatic coupling of the respective (permanent or induced) dipole
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moments. The strength of this interaction Vi, is therefore of the form [3]
CP
Viem = T
where r;, denotes the position of the k-th atom, C), is the dispersion coefficient and p
characterizes the interaction type: p = 3 stands for dipole-dipole and p = 6 for van der
Waals forces. The dynamics of the density matrix p of the system is described by a
quantum master equation

The first term describes the coherent evolution of the system which (within the rotating
wave approximation) is governed by the many-body Hamiltonian H = Hy + H; where
Hy=A> n;+ % > Vimninm,
k k#m
H1 =0 Z O']f,
k

with the operators ny, = [T%) (x| and of = |Jx) (Te| + |Tx) (Lx]-
The generator of the dissipative dynamics is modeled in terms of a dissipator in
Lindblad form which in case of the dephasing noise considered here is given by

Dp = vzk: (nkpnk - % {ns p}) : (1)

with v being the dephasing rate. Note, that this relies on the assumption that the
noise can be considered white and spatially uncorrelated, i.e., acting independently
on each atom. In practice, this is not always the case: for instance, dephasing noise
can be introduced by fluctuations in the laser fields with a finite correlation length;
if the typical interatomic distance is smaller than this correlation length, the noise
experienced by nearby atoms will be spatially-correlated. Nevertheless, to consider
independent fluctuations represents a reasonable approach for dilute Rydberg ensembles
and, moreover, recent experimental work [30, BT} 41] suggests that this approximation
captures the essential physics of the problem.

2.1. Second order effective evolution

We are now interested in deriving an effective equation of motion for the system in
the regime where the dephasing rate is large or more precisely v > . In this limit
coherent superpositions of the local atomic states |]) and |1) will dephase exponentially
fast on timescales of the order of y~1. On timescales longer than this dephasing time the
density matrix will therefore no longer show coherences and we can thus describe the
system’s state by a reduced density matrix p which includes only the diagonal elements
of p, i.e., only the probabilities of the classical spin configurations (direct products of
the form |--- 11J1 --+)). Note that, because of this, the only observables which can be
calculated within this scheme are the diagonal ones, i.e., those which can be written as
combinations of ng-s and the identity. A more formal version of the arguments above is

given in [Sppendix B
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The coherent flipping induced by the laser provides a much slower dynamics which,
due to the fast action of the dephasing, can be effectively projected onto the stationary
subspace of the dephasing and accounted for in a perturbative expansion in powers of
Q. Accordingly, the effective equation of motion can be cast in the form

=" LY, (2)
a=1

where £(® is the evolution operator of order Q. All odd terms of this series identically
vanish, hence the first non-vanishing term is of second order, i.e. £, The corresponding
truncated evolution of p at this level reads

fr=LOp=> Ty (ofuot — 1) (3)
k

with

2
Pe — Ll (4)

29
(3)"+ (2 + X Vigms)

as was derived in [2§]. Since p is the diagonal matrix of probabilities associated to

classical spin configurations, (B]) describes a continuous-time stochastic process which
flips the k-th spin with operator-valued rate I'y,. More precisely, the rate depends via
the interaction term on the configurations of all sites but the k-th one. The expression
@) is therefore equivalent to a kinetically-constrained rate equation [32] 42, [43], i.e., it
can be regarded in terms of a trivial evolution (flipping one spin at a time) subject to
a non-trivial constraint (here the number of excitations present in the neighbourhood).
This can be more clearly understood by introducing the probability vector v = diag(u)
which evolves according to

V:ZFk [a,j— (1—nk)]v+ZFk [Uk_—nk] V.

where ;" = [14)(lx] and o, = [}x)(Tk|. Here each term describes the incoherent state
change of an atom from |]) to |1), and viceversa, with rate I'y. This representation has
the distinct advantage of allowing for numerical investigations of large scale systems by
virtue of classical Monte-Carlo simulations. This fact has been exploited in a number
of recent works [14), 28] 29].

In order to assess the validity of this effective description, we have computed the
evolution of small systems (up to N = 9 atoms) accounting for both the full quantum
master equation (numerically simulated via Quantum Jump Monte-Carlo [44] 45]) and
the resulting classical second order equation [numerically exact integration of (3B])]. For
our simulations we have considered the atoms trapped in a one dimensional chain with
lattice constant a, with one atom per site, periodic boundary conditions and van der
Waals interaction. We have chosen a value for the dephasing compatible with the
perturbative requirement, namely v = 10€2, and fixed the value of the nearest neighbour
interaction to V = Cg/a’® = 10Q. In figure 2 we show for a system of N =9 atoms the
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Figure 2. Time evolution of the density of excitations (n), its associated fluctuations
(n?) — (n)? and the density-density correlations gs(d) for nearest (d = 1) and next-
nearest neighbours (d = 2). In all cases the initial state is the one without excitations
®k [4k). We compare the results obtained from the Quantum Jump Monte-Carlo
simulation of the full quantum system and the numerically exact integration of the
effective Master equation obtained up to second [given by ([B])] and fourth order [adding
the contribution given by (@] for N = 9 atoms. The parameters used in the simulations
shown are A = —10£,0,10Q, v = 102 and V = 102.

short-time evolution of the mean density of excitations (n) =, (ng)/N, its fluctuations
(n?) — (n)? and the density-density correlations

0d) = - S (i),

between nearest (d = 1) and next-nearest (d = 2) neighbours, with d being the distance
in units of a. We choose to focus on the short time behaviour as here the difference
between the exact and effective dynamics becomes most visible. For longer times, both
dynamics reach the same stationary state, which is completely mixed, i.e., p and p
become proportional to the identity. This is a consequence of the fact that the dissipator
(@) is constructed solely upon Hermitian jump operators ny.

In general there is good agreement between the approximate and exact dynamics
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for the chosen parameter sets and observables. The initial increase in the density of
excitations for very short times (smaller than 271) is not expected to be well-captured by
the approximation introduced above. Considering that the initial state is the completely
polarised one @), |1x), which belongs to the stationary space of the dephasing, in the
full quantum problem the early stage of the dynamics is approximately driven by the
coherent part and thus must be reversible. Therefore the density can only start from
0 with vanishing slope, so that the initial increase of the excitation density is always
proportional to (at least) 2. This behavior cannot be captured by the classical rate
equation (B). This can be understood by determining the equation of motion of the
density of excitations ny at site k, which reads

() = Tr (ngfe) = (Ui (1 = 2n,)) -

Due to the factorised nature of the initial state, (I'yng) = (I'x) (ng). Hence, starting
from (n;) = 0, we observe that the gradient at ¢ = 0 is indeed different from 0 and
the density’s initial increase is proportional to ¢ (see e.g. [31]). This difference is most
obvious in the resonant case A = 0, where a magnified view of the very short-time
regime is shown (see second row in figure [2).

For times beyond Q' one can still observe small amplitude oscillations of the
numerically exact solution; these are due to the dampening effects of the coherences and
are thus not captured by the approximate dynamics. Compatibly with our assumptions,
they become less and less pronounced as 7 increases and off-diagonal terms are quickly
damped out. Within the parameter regime analysed here, it also becomes apparent that
the agreement is enhanced for positive values of the detuning. At an intuitive level, this
can be related to the form of the rates (]), which can be interpreted as the effective
perturbative parameters. It is clear that, for negative A, the effects of the detuning and
the interaction are competing and one can generally obtain rates which are smaller than
in the case of positive detuning.

2.2. Fourth order corrections

The next non-vanishing order in the perturbative expansion (2] of the effective master
equation is the fourth one (oc 24). Tts structure is considerably more involved than the
second order contribution. It can be divided into five terms:

LO =" (GY"+ GE" + GE™ + G p+ Q'Y Frp (5)
k#m k
where each superoperator “G” can be represented in general as
Gi"u = Ri"oy, R0} woi oy, — R0t Y™ i o,
~ RI™R" (0} poi. — ), (6)
with R; and R, being hermitian operator-valued coefficients. Analogously to the second
order rates above, the structure of these coefficients is diagonal, in the sense that they
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can be written as non-linear combinations of the local density operators n,. Their
specific form is, however, much more complicated in this case:

([ Ri™ =1

R = o [ (Tprtrgmt 4 rprim) o]
RE™ = %R (T)

Ry = o [0 (05T 4 g

Ry = =S ()

Ry = —23 |14 (g 4 T4 |

Ri™ = =2 [R () +2 (3 (7))
R™ = 2R (T)

where
( Fk — 1
! %+i[A+Zq¢k qu"q]
Flgm — : 1
e [2A+Zq;ék,m Viegna+2"4k,m VanQ+Vkm]
ka — : 1 )
[ V[ gt m (Vina=Via )]

Note that the preservation of the trace is here ensured by the fact that every R’ fm except
R*™ commutes with o7, whilst R commute with o, and R§'% with of. The last term
of (@) is instead of the form

Ffu= By (ofpog — ), (7)

where (3, is again an operator-valued rate (i.e., a kinetic constraint) commuting with
o}, which reads

B =8 [R ()] {[R (1)) =[5 (7)]*}

A detailed derivation of the fourth order contribution to the perturbative expansion ()
and the specific forms of the rates are given in [Appendix B

We now wish to give a stochastic interpretation to the terms resulting from this
fourth order expansion. The action of the “F” superoperator (7)) displays the same
structure as the second order terms (3)). Thus, it represents simply a perturbative
correction of order Q* to these processes. The action of the “G” superoperators (@) is
more involved. Here, we start by separating terms that lead to a single spin-flip from
the ones that lead to two correlated spin flips. The former constitute an additional
fourth-order correction to (3]), whereas the latter introduce novel dynamical processes.
Collecting all terms up to fourth order, the effective equation for the probability vector
v reads now

V:Z[ag—(l—nk)] Zv—l—Z[ak_—nk]Fiv (8)



Effective dynamics of strongly dissipative Rydberg gases 10

+ Z [o7 0, — (1 — ng)ng,] T v + Z lo 0, — ni(1 = ny,)] T, v

kym#k kym#k
+ Z [0} 07, — k] Tt v + Z [0 o, — (1 — i) (1 — ny)] TV
kym#k kym#k

Here, the single-flip I’} and double-flip rates I'{, are given by

Iy =Th+ Q8- Q') (angmR’f%—g - R;nkR’E”’“)

m#k
i=1,4

~ 'Y (R R+ R R

m#k
i=2,3
d _ 4 § x pkm prkm _x 4 2 x pkm __x prkm
k,m#k k,m#k
i=1,4 i=2,3

Conservation of probability is ensured by the preservation of the trace discussed above.
The remaining requirement for obtaining a proper classical rate equation is that it must
preserve positivity as well, i.e., probabilities cannot become negative. This is equivalent
to requiring that every stochastic rate must be positive. Within the perturbative regime,
this is automatically satisfied for all single spin-flip processes, since the second-order
rates 'y, constitute the leading terms and are strictly positive for all k. On the other
hand, the two spin-flip ones can become negative for some choices of the parameters,
signalling the breakdown of this simplified stochastic interpretation.

In figure [l we show these two regimes emerging from a numerical analysis in the
V-A plane for v = 1082 and two system sizes: N = 4 and N = 9. The white area
corresponds to parameter choices for which all rates are positive, whereas within the
black one at least one is negative. We note that typically both V' and A must be quite
large compared to €2 in order for the stochastic interpretation to formally hold. We
also observe that the boundaries of the “negative (black) region” shift towards larger
values of both V and A as the system size is increased. In passing, we remark that,
as it should be expected, in the non-interacting case V' = 0 the rates for two spin-flip
processes vanish, leaving finite only the corrections to the second-order term.

It is worth mentioning that, even when positivity is not ensured for all times,
this approach yields a non-negligible reduction of the degrees of freedom. We have
numerically integrated the fourth-order equation () and compared it with the full
quantum evolution. The corresponding results for the evolution of the average density,
its fluctuations and the density-density correlations are shown in figure Pl We can see
here that, as expected within our perturbative scheme, the fourth-order terms give rise
to very small corrections in the dynamics.

2.3. Perturbative treatment of the radiative decay

Additional processes can in principle be included in this treatment as long as they do
not violate the separation of time-scales. For instance, spontaneous radiative decay
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Figure 3. V — A regimes in which all rates in ) up to fourth order are positive
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(b): N =09.

from the excited (|1)) to the ground state (||)) with a rate I',yq can be modelled via a
Markovian dissipator

_ 1
Ducp = Lo Y (07 = 3 i} )
k

which commutes with the one in (), i.e.,
DDdeCp = DdeCDp~

Therefore, the typical time-scale 1/ due to dephasing is unaffected and one can still
analyse the projected dynamics in the corresponding stationary (diagonal) ensemble.
However, decay does not commute with the interaction term and thus introduces an
evolution which is not easy to account for analytically. This issue can be overcome by
also considering the decay as a slow process or a perturbation, i.e. I',yqg < . Up to the
first non-trivial order in both the decay rate and the coherent flipping amplitude €2 the
effective rate equation reads

V= Tilof — (L—m)] v+ (Tk+Tha) [0 — i v, (10)

with I'; as in (@]). Note that I';yq in (@) must be positive and therefore (IT) constitutes
a proper classical master equation.

3. Three-level Rydberg atoms in a EIT configuration

The second scenario we consider is a frozen gas of N atoms with three internal levels
subject to EIT conditions, as shown in figure (b). Here the ground state [|) is
resonantly coupled to an intermediate state |«—) via a laser field with Rabi frequency
,. A second laser couples |<—) to |[1) with Rabi frequency €. and detuning A. Once
again, we only account for interactions Vj,,, between pairs of atoms in the Rydberg state.
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Overall, the Hamiltonian that governs the coherent evolution of this many body system
can be expressed as H = Hy + Hy, with

Hy = Aznk + % Z VimNkNm,
e ke

where n; denotes the occupation number of the k-th Rydberg level, and

Hi = (9 () (el + Jmi) (hal) + Qe (em) (1l + [10) (D))

k
Atoms excited to a Rydberg level are typically quite stable and display mesoscopic
lifetimes of the order of tens of us [2]. Thus, on microscopic time-scales the main
process causing loss of energy is spontaneous radiative decay of the intermediate state
|<—) to the ground state ||), which occurs with rate I'. " We model such a source of
dissipation as

Dp= 1Y (10 (el plésd (el = 3 {6 (el 0} ).

where we have again neglected spatial and temporal correlations, i.e., each atom decays
independently of the state of the others.

3.1. Second order effective evolution

We assume now that I' is much larger than both Rabi frequencies €2, and 2,. In this
limit the population of the intermediate state [<) will decay on a fast timescale '
and thus one can adiabatically eliminate it. We can then describe the system’s state
by means of a reduced density matrix p which includes only the two internal states
|1) and |1). Note that in this case coherences between the Rydberg and ground states
are preserved. Despite the fact that a classical interpretation is no longer possible, this
approach yields a considerable reduction in the growth of the Hilbert space dimension
with the system size (from 3" to 2%V). This can prove useful for numerical approaches
focussing on the aforementioned subspace. In this case the observables one is effectively
restricted to are those which can be written as combinations of

ng = [Te) Tkl ox = [T) (el + a) (Tk]  and
op = —i|Te) Qel + 0 [da) (Tal-

A detailed discussion on how to implement this approximation can be found in
Appendix (]

First, let us note that Hy is entirely written in terms of the operators ny = [1T1) (Tx/,
which are not directly affected by the dissipation. Hence, defining Hoe = —i [Hy, |, we
find [D, Hy] = 0. However, in contrast with the previous case, the stationary subspace
of D is not entirely included in the one of Hgy, which implies that H, generates a non-
trivial dynamics within it. Because of this fact, it becomes more difficult to account for
its presence (although it is still possible to do it analytically, as we mention at the end
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of Appendix C). In the following, we shall treat both Hy and H; perturbatively, which
yields, up to second order, the effective equation for the reduced density matrix

S 1
fr=—i[Ho,u] + Y  LipLf — 3 {LZLk, u} : (11)
k

This is a Lindblad quantum master equation with coherent part governed by H, and
dissipation provided by the jump operators

2
Ly, = ﬁ (chﬁ + Qppk) ’

with pr. = |Jx) (Jx| being the projector onto the ground state in the reduced space. Note
that here, whilst the coherent part Hy simply acts onto the “classical” configurations
by associating a given energy to each of them, it is the jump operators that tend to
bring the system into coherent superposition states. The engineering of such a type of
dissipation, namely one that leads to dynamics and stationary states featuring quantum
coherence and many-body superpositions, has been attracting an increasing amount of
attention recently [46] 47, 48] 49, [50].

In order to assess the validity of this effective equation of motion, we resort again
to the numerical simulation of a one-dimensional system on a periodic lattice of spacing
a and van der Waals interaction, with the nearest-neighbour interaction denoted by
V = Cg/a®. We have numerically solved both the full quantum many-body and the
second order effective dynamics for small systems of up to N = 6 atoms. In both
cases we have employed a numerically exact direct integration of the corresponding
master equations, which quickly becomes very demanding in terms of computational
resources as the system size is increased. In figure [ we display the time evolution
of the expectation value of the Rydberg density and its fluctuations for the resonant
(A = 0) case, I' = V = 1009, and three different values of €2,/Q. = 0.1, 1, and 10.
As discussed above, in contrast with the previous two-level system [figure [[l(a)] here we
keep also track of the dynamics of some off-diagonal observables, such as the operator
o, = »_. 05 /N (see third column in figure @d). Moreover, we display not only the short-
time behaviour but also the long-time one, as in this case the stationary state is not
trivial and generically depends on the parameters of the system (in particular on the
Rabi frequencies (2. and €2,). As a consequence, in this case the steady state will in
principle only be reproduced in a perturbative fashion. We observe in general good
agreement between the approximate and the exact results. In particular, the curves are
hardly distinguishable for €,/€2. = 0.1 and 1. Small deviations show up instead in the
case €2,/ = 10, which are related to the fact that I" is only 10 times larger than 2, and
therefore we are approaching the limits of applicability of our perturbative scheme. As
long as one chooses parameters in a range compatible with the latter, however, we can
conclude that (II) provides a good approximation for the description of the dynamics
of an interacting Rydberg gas under EIT conditions.
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Figure 4. Time evolution of the density of excitations (n), its associated fluctuations
(n?)—(n)? and the coherence, measured here by (o). In all cases the initial state is the
one without excitations ®j, [Lr). We compare the results obtained from the numerically
exact integration of the full quantum system and the effective Master equation obtained
up to second order [given by ([IJ)] for N = 5 atoms. The parameters used in the
simulations shown are A = 0, I' = 1009, V = 10082, and Q,/Q. = 0.1, 1, 10.

3.2. Nearest-neighbour exclusion

A further simplification can be obtained in a particularly simple case: a one-dimensional
chain of atoms with resonant excitation (A = 0) where we approximate the interaction
as a hard-wall repulsion between neighbouring excitations, i.e.,
Hy = Vl_i)rfoo % Z Vngn,.
(kq)
This effectively yields a projection of the dynamics onto the set of ground states of Hy,
i.e., the portion of the Hilbert space spanned by classical states without neighbouring

pairs of excitations. This nearest neighbour exclusion approximation has been often
used for gaining insight on the underlying physics of strongly-interacting Rydberg gases
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Omne can show that, for any initial condition with overlap only on allowed (zero-
energy) states, the effective equation for the dynamics of the reduced density matrix p
has a purely dissipative form [40], i.e.

=3 e}~ 5 Lol ) (12)
k

with

2
Jp = NG (QPro® + Q1) -

Here we have introduced the operator Py, = pr_1pr+1, which indeed ensures that an
excitation |1) is never created next to an already existing one.

In figure Bl we assess the validity of this approximation by numerical methods. This
time we use as a measure the trace distance of two density matrices p and p

T(p, p) = % Tr/(p— p)* (13)

In particular, we calculate the trace distance between the stationary state of the full
three-level many-body system with nearest neighbour interaction V', pg, and the one
obtained from the approximate equation (I2)), . In figure Bl we plot T'(pss, fss) as a
function of the system size N for ,/€2. = 10 and I'/Q. = 100 [panel (a)] and 1000
[panel (b)], as well as for different values of the interaction V. First, we observe that
the validity of the approximation appears to get slightly worse as the system size is
increased. Secondly, while for low values of the interaction V' the approximation is poor
(as expected), the trace distance rapidly reaches a saturation value when increasing
V. Finally, by comparing panels (a) and (b) we infer that this saturation value tends
to vanish when the expansion parameters €2,,./I" of the perturbative series are made
smaller, which is indeed compatible with the fact that we expect the stationary state to
be only perturbatively reproduced to second order in our treatment.

4. Conclusions

In this paper, we have applied the Nakajima-Zwanzig projection technique to the study
of strongly-interacting many-body dynamics, particularly in the context of Rydberg
gases. By relying on a time-scale separation between a fast and a slow dynamics,
effectively integrating out the fast degrees of freedom and using perturbation theory, we
have obtained effective equations of motion that approximately describe the dynamics
of a selected set of observables of the system within a reduced subspace. This yields a
reduction of the complexity of the corresponding problem, which allows for a numerical
treatment of larger systems. Via numerical simulations of small systems we have verified
that the obtained effective dynamics yields indeed an excellent approximation to both
the stationary state and the relaxation towards it.
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Figure 5. The validity of (I2) as a description of the three-level systems with nearest
neighbour exclusion is tested for different parameter regimes and different system sizes
up to N = 6. Curves of different colours represent the trace distance T'(pss, ss) (3)
between the steady states of the full quantum system and the two-level approximation
for different values of the interaction. The two panels show the cases (a): T'/Q. = 100
and (b): I'/Q. = 1000. In both panels the value of , is 10Q..

We have focussed in particular on two models which describe many-body systems
which are currently intensely investigated and experimentally realised with strongly-
interacting Rydberg gases. The first one considers each atom as a subsystem with only
two physically relevant levels coupled by a laser and subject to strong dephasing. Here,
we have found that a classical effective description of the problem is possible, thereby
making very large systems amenable to numerical treatment. In the second case we
have considered a Rydberg gas under EIT conditions where the fast evolving timescale
is provided by the rapid decay of the intermediate level. In this latter case we have also
obtained a reduction of the complexity of the problem, whilst not as significant as in
the previous case, since part of the Hilbert space structure is retained.

The main aim of this work is to provide a formal framework for the effective
description of these strongly interacting systems in the limit of strong dissipation. We
hope this effort to contribute towards unifying different results already obtained in the
literature (e.g. [20, 21], 28, 40]) and, moreover, provide some degree of guidance and
a reference for future efforts employing these techniques in the context of interacting
Rydberg gases.
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Appendix A. Adiabatic elimination of fast degrees of freedom

In this appendix we establish the general formalism and notation we have employed to
derive the reduced dynamical equations in the main text. It is based on the Nakajima-
Zwanzig projection formalism [I8], [19], which relies on finding a criterion to divide the
degrees of freedom in relevant and irrelevant, and effectively keeping track only on the
former. In a quantum setting, the most intuitive application of this frame of thought
would be to focus the attention on a subsystem, while treating the rest as an effective
“external” bath [I5] [I6]. Here, however, we shall take a slightly different perspective
and hinge instead upon a clear time-scale separation for different dynamical processes.

Let us consider a general system whose Markovian dynamics is described by the
von Neumann equation

where Ly and £, are two time-independent Liouville operators acting on the density
matrix p. Our aim is to project the evolution onto a reduced subspace by adiabatically
eliminating the fast degrees of freedom, which we assume to be entirely described by
Ly. We also assume for simplicity that £, includes a dissipative part. In other words,
we are trying to obtain a coarse-grained equation of motion which effectively captures
the dynamics of the system on time scales longer than the typical ones of £y. Within
this frame of thought, we introduce the projector

T qe
P = lim — gtk
T— 400 0

onto the stationary subspace of Ly (i.e., its null eigenspace, or kernel). The existence of

the limit is ensured by the fact that positivity must be preserved by L, and therefore

all its eigenvalues must have non-positive real part. The reduced density matrix

whose dynamics we want to describe is thus u = Pp. We correspondingly define the

complementary projector () = 1— P, where 1 is the identity superoperator, and y = Qp.
Applying P and @ to ([A.T]), we can rewrite it as

{X:Q(£0+£1)X+Q£1/~L (A2)

ﬂ:P£1M+P£1X,
where we have used the fact that, by construction, PLy = LoP = 0. An implicit solution
of the first equation is given by

t
() = Er ey (0) + [ dr U EIQLy(r).
0

This allows us to write down an integro-differential equation for p which does not depend
on x(t), but only on its initial value. If we further assume that the initial condition
entirely lies within the kernel of Ly, i.e., x(0) = 0, we can rewrite the equation for p as

t
jt=PLip+ PL,y / dr et=DQEHLDO L (7). (A.3)
0
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The equation above is still exact, but its integro-differential nature makes it
difficult to approach analytically. We thereby proceed by applying a Laplace transform
= fooo dte=*!(e), as it readily yields a perturbative expansion. This leads to

1
1(s) —u(0) = PLy | 1+ Ly (s), A4
i) = 0) = Py (14— g Q) (o) (A
where we have employed some of the general properties of Laplace transforms, i.e.,

Lj) = (s) — p(t =0), 1) = —— 17 %] = f(5)a(s)

where f* g denotes the convolution f(f dr f(7)g(t — 7). By assuming that the amplitude

of £; is much smaller than the other energy scales (which makes the corresponding
dynamics much slower), we can expand and subsequently truncate the fraction in (A.4))
as a power series in Lq:

1 1 1
— QLo+ L) T s QL1 — (s— Qﬁo)_l QL
_ 1 - . -1 J
- S — Q»CO ; [(S Q‘CO) Q'Cl] .

Note that, since both Ly and the sum Ly 4+ £; are assumed to be proper evolution
superoperators, their spectra (and thus the singularities of the Laplace transform above)
lie to the left of the imaginary axis. It is therefore possible to easily choose a contour on
which to define the Laplace anti-transform. By exploiting the same general properties
seen above, one can rewrite ([A.3)) in powers of £; as

) oo a—1 )
% :Z(ﬁ(o‘) = PL, Z H {/ dry e=1=koQ L, ((7a-1), (A.5)
a=1 a=1 k=1

where 75 = ¢.

In order to obtain a differential equation (i.e., an expression for fi(t) which only
depends on pu(t)), we perform the trivial substitution p(74_1) = p(t) + [(Ta1) — p(t)]
and express the second addend as

o) —tt) = [ drite Z / M@, (A6)

Note that the difference above is of the same order of the derivative, i.e., at least O(L,),
and that it can be made time-local to any finite perturbative order by iteration: for
instance, up to second order it can be cast as

(o) — pi(t) = / " arP L)

- / 7 drPﬁl{ / dr' e QLy + / dTlpﬁl},u(t).
t 0 t

This constitutes substantially an adaptation to the present case of the time
convolutionless technique (see e.g., [I5]). In fact, we can iteratively apply (A.6) to
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obtain a time-local representation of the corrections to higher orders in the expansion.
This leads to a redefinition of the evolution operators £(®; the first four orders read

LYy = PLip(t)

t
LPy=rPrL, / dr e QL p(t)
0

t t—11 0
Ly =PL, / dr e QL [ / dr e™0Q — dr, P} Lo(t)
0 0

—T1

t t—71 0
LYy =PL, / dr e QL [ / dr e™r0Q — / dr, P] L1 %
0 0 —T1

t—71—To 0
|:/ d7'3 eTSEOQ - d7'3 P:| EMl(t),
0

. —
where we have applied the set of changes of variables 7.1 — 7, — 741 and 74 — ¢t — 7.

Note that the projectors @ in front of each exponential e™*° ensure that the latter
can only act on states not belonging to its kernel. We furthermore assume that there
are no eigenvalues of £y which are purely imaginary. This implies that () projects onto
eigenspaces corresponding to eigenvalues with strictly negative real parts, such that the
action of e™%° introduces an exponential dampening typically dictated by the eigenvalue
A with the largest non-trivial real part. Our assumption of a clear time-scale separation
implies that —R(\) must be large compared with the typical energy scales of £ or, more
precisely, larger than those associated to operators which couple the stationary subspace
of Ly to its complement. In the light of this, extending the integration domains to the
whole real axis should introduce only a small correction. After this approximation, the
final form of the terms up to fourth order is

LO )y~ PL, / dr e™QLy u(t)
0

ﬁ(s),u =~ P,Cl/ dT1 eT1£°Q£1 [/ dT2 eTQEOQ - T1P:| El,u(t)
0

0

5(4),u =~ P,Cl/ dT1 eT1£°Q£1 [/ dT2 €T2['OQ — T1P:| ,Cl X
0

0
[/00 dry e™50Q — (11 + 1) P] L1pu(t).
0

Before applying these expressions to the specific systems mentioned in the main
text, let us briefly discuss which observables can be calculated within this scheme. The
expectation value of a generic observable O is given by Tr[Op(t)], whereas within the
reduced space one can only calculate Tr [Ou(t)] = Tr [OPp(t)]. Clearly, one can extract
information on O in the reduced scheme if and only if

Tr [Op(t)] = Tr [OPp(t)].
Exploiting the fact that the trace defines a scalar product in the superoperatorial space

(p,o)="Tr [plo]
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we can rewrite the relation above as
T [0p(t)] = Tr [(P1O) (1))

which should be valid for every possible choice of the density matrix p. Hence, we
conclude that only observables that satisfy O = PTO can be calculated within the
reduced-space formalism discussed here.

Appendix B. Two-level Rydberg atoms in the presence of strong dephasing

In this Appendix we will give detailed account of the derivation of an effective equation of
motion of a system of N driven two-level atoms strongly interacting and in the presence
of strong dephasing, as described in Section

The dynamics of the system is modelled via the master equation (A.Il), where

Lop = —i[Ho,p] + Dp

. B.1
Lip =5 Lhp = ~i05 lof. (B

with Hy = A > ng + % > Vimnin,, and the dissipator Dp =7 (nkpnk — % {ng, ,0})
e k#m %
The stationary space of Ly is formed here by all matrices p which are diagonal in the

basis of all possible classical spin configurations. In the following, we will always use
the terms “diagonal” and “off-diagonal” referring to this basis. Strictly speaking, the
fast dynamics is provided by the dephasing and thus one would have to define £y = D
in order to directly connect to the results of Appendix A. However, in this case the
commutator —i [Hy, e] not only commutes with the dephasing dissipator, but actually
its stationary subspace includes the one of D. Therefore, this term can be conveniently
included in £y without altering the structure of said subspace. On a different note, the
perturbation £; does not connect states belonging to the kernel of Lg, i.e., it cannot
map any state which is stationary under the action of £y into another one. This implies
that PL;P = 0, and hence the first four terms of the expansion are notably simplified
to

LYy =0
£(2)Iu ~ P,Cl/ dT1 eTlEOQ,CLU/(t)

0

E(?’)uzPEl/ dn eT1£°Q£1/ dry e QL pu(t)

0 0

5(4),u ~ P,Cl/ dT1 eT1£°Q£1 [/ dT2 €T2['OQ — T1P ,Cl X
0

0
/ dT3 eTSﬁOQELU/(t).
0

Let us first calculate the second order contribution to the dynamics. To do so, and
in order to be able to compute any term in the perturbative expansion, it is fundamental
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to understand how the operator

O :/ dr ™4 QL
0

acts on a diagonal matrix. Note that, according to (B.Il), one can actually reduce this
problem to studying the action of the single-site components

O :/ dr 0Lk 0= 0.
k

0

We start by decomposing the diagonal matrix yu as

o= pf @ [1e) (Tl + 1} @ |4i) (Ll
k k k _ ,k
_ (uT—2Fm> - (NT : m) ® o7, (B.2)

pi=elulte) o = el

are 271 x 2V=1 matrices acting on all sites but the k-th one. This representation allows
us to more easily calculate the action of £¥ on p, which reads

where

k= .
Lip = zQ( o ¢>®[0k,0k]=9(uf—u?)®ai-

As this matrix is entirely off-diagonal, the operator ) effectively acts as the identity
when applied to it.

We then have now to compute the action of the superoperator €™~ on a generic
matrix of the form pf*-Fr @0} ®@... @0}  with, =1, and k, = 1... N. To this end,
we first notice that the actlon of the Hamiltonian Hy and the dissipator D commute,
which allows us to factorize the exponential as

eT,CO (.) _ e—iHoT [eTD(.)] eiH()T.

Let us first analyse the effect of the dissipator: Since the dissipation mechanism acts
independently on each site, we can further factorize its action as

N
D _ H eT’ka
k=1

with Dy(e) = ny(e)n, — (1/2) {ny, (e)}. One can easily show that the action of the
dissipator on the diagonal and off-diagonal components yields

X 1 xr
Dyoj =Dyl =0 and Do, v = 2ak/y,

respectively. Therefore, one obtains
e Pt ol @ @ol =e Tt ot @ @l | (B.3)

which amounts simply to the multiplication by a damping factor. The action of the
coherent part is more involved. In order to give an expression for it as well, we divide
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the Hamiltonian Hj, into two operators: one which does not depend on the indices
k1 ...k, and therefore inconsequentially commutes with the density matrix above, and
a part which instead depends on them, i.e.,

hk1,~~~7km (nklv s 7nkm) = HO - HO ‘ (B4)

nklzoy"'7nkm:0
with

Hy |nk:0 = (np = 0| Hy [ng, = 0) ® 1.
The action of the Hamiltonian on a matrix of the form (B.3]) can be obtained by the
realisation that

hkl,...km (nkl, Ce ,nkm) O']:; = hkl,...,km (nkl, Ce ,nkj = 1, e nkm) O']:;
and
U];hkl,...,km (Mg ey M) = U]:;hkl,...,km (Meys ooy, = 0,00 )
with o = |T%) (&l We emphasize here that hy,  x,(nk, = 1) stands for

<nkj = 1‘ Py ... e, ‘nkj = 1> and consists of a reduced matrix which does not act on
the k;-th subspace. Note that this implies that it commutes with every local operator
acting only on it, e.g., -
Introducing the function N, with p = + such that Ny =1 and N_ = 0 we find
e~ { ufll,"""'b’fgb Qo ®@... Qo) e =
o NN )= (=N e 1=Npe)] i
B L m T R e " gl Py @
®0p ®...Q 0, (B.5)

so that the action of the operator Oy(7) [with Oy = [ dTOk(7)] on i, which will be
used for the calculation of higher orders as well, yields

Or(r) = iQe™ % (b — pF)@{e O -ml g irlhn (=m0l 1 (B 6)

_ZT[hkl ,,,,,,,,,,

e

With these expressions we can already calculate the contribution to the second
order. To do so, first we realize that the action of O(7) on the diagonal matrix p yields
an off-diagonal form. As a consequence, due to the presence of a projector P as a last
step, one needs the subsequent action of L¥ (aki) = +iQo; — i.e., specifically of the
k-th component of £; — in order to recover a diagonal matrix and get a non-vanishing
outcome. Thus, the second order contribution yields

Loy =PLOp="PY / drLEOL (T
L 0

= 2Q2PZ/OOO dre™ cos [1 (h(0) — hy(1))] (ulf - ,u’T“) ® oy,

which after the integration over time reads
0%y
2
©(3)7 (A X Viena)
as shown in (@), where we have used that h;,(0) = 0 and h(1) = A+ > Vigng.

LPy =

2 (U}f,&@'i - :U“) )
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Let us now look into the calculation of the next orders. Here, we again note that
the action of the operator O on the diagonal matrix p yields an off-diagonal one. The
action of Ly does not modify the matrix structure, and thus only the subsequent action
of L1 can recover a diagonal matrix that is not annihilated by the final application of
the projector P. This in turn means that any odd number of £;s applied to p will
always render an off-diagonal matrix, yielding

LEH) =0 Vjen,

and, in particular, L&y = 0. Moreover, as seen above, for every occurrence of e.g., LY,
a second k-th component must be present, since no other £ with ¢ # k acts on the k-th
subspace and is able to recover the diagonal structure. Hence, the different components
of £, always appear in pairs.

We look now into the calculation of the fourth order contribution to the perturbative
expansion. We first split it into two terms as

LBy =PLiO*u(t) — PLy / dry 9e™XQLIPL1Ou(t) = (Ay + By) .
0

Let us focus on the first term, Ayu: from the discussion above, we know that the only
non-zero terms are the ones where the £; operators come in pairs with equal indices,
ie.,

A =P Y LY 01000 + 01,010 + 05 0 O] 11 +
k,m#£k

+ P LEO00 Ok (B.7)
k

On the other hand, the off-diagonal projectors @ included in each O (note that O = QO)
prevent the matrix structure from being diagonal at any intermediate step before the
last one, which means that any subsequence of Os which appears on the right (i.e.,
directly acts on p), is strictly shorter than the full sequence, and in which all indices of
the £; components can be paired up with each other identically vanishes. Thus, (B.1)
can be simplified to

Agp =P Y LY 0,010y + 01,00 O] . (B.8)

k,m#k
We calculate now step by step the action of O,,(72)Ok(71) i, common to both terms
in (B.8). The first step, Ok(71)p, we already calculated for the second order in (B.G).
We have now to apply O,,(12) = e™£°QLT. The action of L here does not involve
solely the difference p* = u’j — u'T“, but also each operator-valued prefactor. In order to
calculate its action we employ the same decomposition used in (B.2)) and rewrite u* as

Mk,m + Iuk,m Mk,m . Mk,m
e <7"i 5 "T> ® I — <7"i 5 "T) ® 0%

We now make use of the general identity

LYM @ o) = —20M ® 0! = 2iQM ® (0, — 0,) (B.9)
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which, recalling that we are defining M™ = M[" — M;", yields
£y (eFmhe k) = —iQ (eXmhM k)" @ (o0 — o).

m

Consequently, we find

LrO(r)n = = Q%3 { (™ Opk)" @ (o7, — o) @ 0p
— (e_mh’“(l),u'i)fb ® (o, — 0:{1) ® a,j} .
Hence, the overall effect of O,,(72) reads
Om(72)Op(mi)pp = — Qe 270 {emhkvmm (e Wk )" @ 0, @ 0y
_m(hk m(0,1)=hy, 1 (1,0) 0 i1 hy (1 ,uli)m ® a:; ® oy,

—e (
_ e—m(hk m(1,0) =l 1 (0,1)) (e i1 hy (1) k)m R0, ® O,;F
e

+e —im2hy, m (1,1) ( —iT1hy(1) ) X 0’+ X o } (B]_O)

where we have applied (B.A) to each addend.

Let us now calculate the first term of the sum in (B.§]), which means that the
next step involves the action of a superoperator Og(73). Following the same procedure
outlined above, applying the identities

LY M @ o) = +iQM ® of

and introducing the shorthand notation

z U=k 0 T, T
Zylu) = pt @ of = ( i 0 H ko k| = OkMOE — 1y (B.11)
Ky — Ry

one obtains after some algebraic manipulation

3

O3(73) O (72) Op (11 )t = QBT
B
1 o7 Paem (1,0) =i (0,1)] (emmm( 7, [N])m] © o

_'_e—iT;ghm(l) |:e—7;7'2 [hk,m(ovl)_hkvm(l’o)] (eiTlhk(l) Zk [/"L])T_n

_'_e_i7—2hk,m(171) (e_iTlhk(l)Zk[/j,])m} ® O'T—:'(_L} .
As a final step for the calculation of this first term, we have to apply £, which renders

3

L7 O3 (13) O (72) Op (1) = Qe —g g
% { [ei[mhm(l)mhk,m(l,l)] 1 o i{mhm (D4 [hk,m(o,l)—hk,m(l,t))]}] Zm[emhka) Zilu]]

i [ei{Tghm(1)+Tg [Pkm (0,1) = b m (1,0)] } + e—i[rghm(1)+72hk7m(1,1)]]Zm[e—inhk(l)zk[lu]] } .

In order to calculate the second contribution to A4 in (B.8]), we need to go back to
(B.I0) and apply O,,(73) to it, thus obtaining
73

O (73) O (72) Op (1) = —iQPe™ 2 74"
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X{_emhka) [emhk,mu,n Lo [hk,m(o,l)—hkm(l,o)]} (emhku)ﬂﬁ)i% ® 0% @ o

+e~imshi(1) |:e—’i7'2hk,m(1,l) + i [hkvm(o,l)—hk,m(l,o)]} (e_mh’“(l),u’i)T 80" ® 0’2_} .
Finally, we apply the operator £} and arrive at

£]f0m(73)0m(72)0k(71),u — e 2 25

X{eiTShk(l) [emhk,mu,n 4 e [hm(o,n—hk,m(l,o)]] 7z [emhk(l)Zk[u]]

+e—i73hk(1) |:e_i7—2hk,m(171) + eiTz [hk,m(ovl)_hk,m(lvo)]] Z [e—iTlhk(l)Zk[,uH } ;

where we have used the definition (B.ITJ).

Note that the remaining time integrations involve only diagonal matrices (in
the sense defined at the beginning, i.e., in the classical basis) and can be therefore
straightforwardly evaluated. We thus obtain

3
A =003 S R 2 (R 2 )] (B.12)
i=1 m,k#m
where the first summand comes from the first term in (B.8) and the other two from the
second one. In this expression the operator-valued rates RF¥™ and R/ f ™ read

((Rbm =1
Ry = 2% | (Tptrsm! - rprkm) o]
Ry™ =% (I')
R = 2% [0 (15" 4 g |
Ry = =S (1)

R = —23 14 (T 4 T4 |

with

b = [21+ih(1)]

5™ = Y1+ i m(1, 1)) (B.13)

P]?fm = {71 +1 [hk,Tn(Oa 1) - hk,m(L 0)]}_1 )

as already shown in () in Section 2] of the paper. Note that, as stated above, the indices
of the operators “h” in these expressions denote the subspaces on which they do not
act and, as a consequence, [hi(1),07] = 0 and [hkm(nk, M) U,f/m] = 0. This property
then trivially transmits to the corresponding I'-s. Therefore, as reported in the main
text, kY7 and R ’;;”3 commute with o7.

The calculation of the second term of (B.8) follows analogous steps; the final
expression reads

B4ILL = — P,Cl/ d7’1 TleTlﬁoQﬁlPﬁl(Q,u
0

= _Z/ / dTldT2szﬁgnOm(Tg)PﬁlfOk(ﬁ),u.
o 0 Jo
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Note that, from the second order calculation, we already know the action of PL}Oy (1)
on p, which is indeed diagonal. For the next step (the action of L7 O,,(7)), we
distinguish the cases m = k and m # k. Let us now first consider the case m = k,
which yields

y(T1+72)

LXOL (1) LEO (1) = —8Q%e™ 2 cos (11h(1)) cos (ol (1)) Zi [11] -
On the other hand, when m # k we obtain

y(r1+72)

L0 (1) LYOL (1) = 490%™ 2 cos (Tohm (1)) Zp, [cos (1 (1)) Zi[14]]

Finally, integrating over time the last two expressions we obtain the contribution for
Byp to fourth order

Bt =Y BuZilp) + Q" Y Ry Z [RY" 20 [l
k

m,k#m
with
o 1 [P —4hi(1)?]
O = B4Y o
km __ 72 —4hy (1)?
Ry = _32[v2+4hm(1)2}2
km
Ry = Sy

which indeed coincide with the expressions shown in () in Section [ of the paper, as
one can check via the definitions (B.13)).

Appendiz B.1. Radiative decay

We now aim to include the effect of radiative decay from the Rydberg state with rate
I',ya, described by the dissipator Dyecp = I'iya Y (O'k_ po — % {ns, p}) The dynamics of
e

the system are thus described by the von Neumann equation
p = (‘CO + Dgec + ‘Cl) Ps

where we set the decay rate to be much smaller than the dephasing rate (I'yyq < 7),
so that we can consider Dy, as a perturbation together with the coherent driving
represented by L;.

It is relatively straightforward to prove that

[P, Dyec] = 0,
so that the analogues of (A.2) are
X=Q Lo+ L1+ Daee) X + L1t
{ ft = Dgecpt + PL1X.
By following the same procedure as in we can now write

t
[t = Daecpt + pcl/ dr e(t_T)Q(£O+£1+Ddcc)Q£1M(T).
0
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For simplicity, we now restrict ourselves to the lowest non-trivial order in both processes,
i.e., the decay (expansion in powers of I';y4) and the coherent spin-flipping (expansion
in powers of ). We also consider the order T',yqQ2? to be negligible, which allows us to
disregard the corrections coming from the substitution p(7) — u(t) in the expression
above. Since the dephasing and decay dissipators commute, our calculation can still
hinge on the fact that the long-time behaviour outside of the classical subspace will
portray an exponential decay ~ e™*/2 (or a faster one). Thus, after the change of
variables 7 — t — 7, we can also bring the upper bound of the integral to infinity, which
yields

ji= D+ PY_ L4 [ dr e QLtu(e)
ke 0

Note that the second addend is simply £®). Thus, we can straightforwardly obtain the
expression

. Y
p=TY Zi[mpl + Y ————7 ],
k w (3) (1)
up to first order in I',yq and second order in €2. This equation is equivalent to (I0) in
the main paper.

Appendix C. Three-level Rydberg atoms in a EIT configuration

In this Appendix we will give detailed account of the derivation of an effective equation
of motion of a system of N driven three-level atoms which display strong interactions
between excited states and in the presence of fast decay processes from the intermediate
to the ground state, as described in Section [3

The dynamics of the system is described by the master equation (A.I]), where

{ Lop =Dp
Lip = —i[Hy+ Hy,p]
with

Hy=AYng+ 1 > Vimnen,
k k#m

Hy = ; [€2 (Vi) (=l + [n) (Lel) + Qe ([0) (Tl + [Te) (k)]
Dp = sz: [|~l/k> (k| p =) ] — % {=x) (=] ,p}} .

Note that Hy and D act on different subspaces and therefore their actions on the state
of the system commute. Therefore, once again, we can include the commutator with H,
in the “fast” term L, while considering only D for the determination of the stationary
subspace.
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While in the previous case the action of the projector P was equivalent to a
projection onto the diagonal of the density matrix, here its action is slightly more
involved. In order to obtain it, we use the fact that

etD _ etZka _ Hemk'
k

Each Dy, non-trivially acts on the k-th (three-dimensional) subspace and its action on a
generic matrix A can be represented as

ap iz Q13 0 -4 0
— _ a a:
DyA=Dy | an axn as =7 —% —axn —F |, (C.1)
a
as asp 33 0 =% ax

2

where we are representing the matrices in the basis (|1), <), |{)). From the relations
above, one can extract the action of the projector P as

a0 a3
P=][P. with PBA=| 0 0 0 ,
k as; 0 ags + ax

and then define for this case u = Pp.
We are now in position to calculate the effective dynamics for p up to second order

of perturbation in £; using the results in

L® = PL, / dr e™°QLy p(t).
0
Let us start by calculating the first order correction. Here, we separate the action of £
into the one associated to Hy and to H;. The latter can be written as asum Hy =), HE
and we can therefore restrict our analysis here to a generic (k-th) subspace. In particular,
H¥ acts on an element of the kernel of D as

0 Q 0 w0y
[Hf,p] =1 Q2 0 00 0 |—he
0 9 0 py 0 ply
0 —Qopify — iy 0
= | Qeply + Qpufy 0 Qepk, + |, (C.2)
0 —Qoptfy — Qi 0

which constitutes a matrix orthogonal to the kernel of D and, hence, implies that
P [Hf,,u} = 0 and @ [Hf,u} = [Hf,,u}. Thus, the first order contribution to the
effective equation of motion reads

E(l):u =1l [H(]a :u] ’

where we have used that [Hg, P| = 0 with the shorthand Hoe = —i [Hy, e].
We now use this knowledge as well to calculate the second order contribution £ .
The first thing we realize is that the presence of a projector () after the application of
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L1 to p leaves only the contribution of Hy, which we know already from (C.2), as
[Ho, P] = 0. The next step is the application of e™° =[], "P* to a matrix of the form
(C2). From (CI) we can extract that this action amounts simply to a multiplication
of the matrix by e™™/2. The last step is thus the application of £; to the matrix (C.2).
First we realize that, as the interaction Hamiltonian H, keeps the matrix within the
subspace orthogonal to the kernel, its contribution vanishes as P is subsequently applied.
Hence, we only need to understand the action of H;, which yields

0 a19 0 0 QC 0 0 12 0
Hf, agq 0 ag3 = Qc 0 Qp 921 0 923 — h.c.
0 aso 0 0 Qp 0 0 a3z 0
Qc (a21 - a12) 0 Qcagg — QPCLH
= 0 Qe (a1 — agr) + Q, (asz — aszs) 0
Qa9 — Qcasy 0 Q, (az3 — as2)

Note that this matrix does not generally belong to the kernel of D, and it is only after
applying P, that one gets

Q. (CL21 - CL12) 0 Qca23 - Qpalz
P 0 Qe (a1 — agr) + Q, (asz — azs) 0
Qpazl — Qcazy 0 Qp (a23 - a32)
Q. (a21 - alz) 0 QcCL23 - Qpalz
= 0 0 0

Qpass — Qeaze 0 Q. (a1 — asn)

Thus, one can obtain now the final form of the second order contribution, which yields

L0y =23 ( —20p = Qe — (2 + ) 4y, — Q0 )
r — ( :

- 02+ Q2) b, — Q6 20205 + Q.06

with €, = u’; ,+ ,u’fT and 0y, = ,u’f s u%, and where we have eliminated the intermediate
level and hence used a 2 x 2 matrix for the description of the k-th atom.

Note that this contribution can be also written out as a purely dissipative Lindblad
equation of the form

L0 =" Ly} - % {LLLk,M} , (C.3)
k

where the jump operators have a non-classical form

2
Lk = ﬁ (QCO'E + Qppk) s

where pr = |1x) ({x] and o = ||} (x| are spin-1/2 operators.

It is worth mentioning that in this simple case one can actually treat the “classical”
part of the Hamiltonian Hj in a non-perturbative fashion. This can be done employing
an interaction representation for £y and Lq:

Ly — Zﬁvo(t) —e oL and £, — Zﬁvl(t) — e Mo efMto,
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One then finds Lo(t) = Lo and E(t) =—1 [flf(t), o] with
0 e, 0
i) — e — | g, o g, |,
0 Q, 0
where hi(1) = A + 37, Vigng is the same object defined in (B.4). The procedure
outlined in these appendices can be then carried on in a similar manner; the main

difference being that the exponentials e/“o*£1) must be replaced by their time-ordered
‘ =
counterparts T’ [efo drfLotL 1(7)]]. At second order in £, one eventually finds

o= —i[Ho, p] + Z {)\CC [a,;]—"kua,j + ak_,u]-"galj — Frngp — unk]-"g +
k
FAep [ak‘ Fitpr + Pritoyy Fi + 05 pupi + prpioy, — o pp— poy +

—0y, Folt — poy, fl] + App [2Pk1P — PrpL — upk]}
where \;; = 202,€2;/T" and
B 1
1 —iZhy(1)

We have verified numerically that this expression generally yields negligible corrections

Fi

to the dynamics with respect to (C.3)) in the perturbative regime I' > Q. ,,.
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