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The rich entanglement dynamics and transitions exhibited by monitored quantum systems typically only exist
in the conditional state, making observation extremely difficult. In this Letter, we construct a general recipe for
mimicking the conditional entanglement dynamics of a monitored system in a corresponding measurement-free
dissipative system involving directional interactions between the original system and a set of auxiliary register
modes. This mirror setup autonomously implements a measurement-feedforward dynamics that effectively
retains a coarse-grained measurement record. We illustrate our ideas in a bosonic system featuring a competition
between entangling measurements and local unitary dynamics, and also discuss extensions to qubit systems and
truly many-body systems.
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Introduction. Entanglement is a unique feature of quantum
systems, and studying its dynamics in complex systems has
both fundamental and practical motivations. To wit, there is
immense interest in understanding different phases of entan-
glement generation in systems having a competition between
Hamiltonian and measurement-induced dynamics (see, e.g.,
Refs. [1–16]). A common feature here is that entanglement
generation is contingent on knowing the measurement results,
i.e., it only exists at the level of individual measurement trajec-
tories [see Fig. 1(a)]. Conversely, the average state (averaged
over all measurement outcomes) is typically highly mixed and
unentangled. As such, direct detection of novel entanglement
dynamics and transitions would seem to require postselection
over measurement records, posing formidable challenges for
scalable experimental implementation [17].

Various ideas have been suggested to tackle this postselec-
tion problem [18–29], with some corresponding experimental
implementations [30,31]. Many of these approaches focus
on measuring a proxy quantity (i.e., not system entangle-
ment directly), or study a transition in the efficiency of
using feedback-assisted dynamics to stabilize a preselected
target state [with this transition serving as a proxy for the
actual measurement-induced entanglement phase transitions
(MIPT) of interest [23–26]]. While those approaches do not
require postselection, one might worry that the transitions
in feedback-assisted dynamics might be distinct and only
loosely related to the original entanglement phase transition
[25–27,32–35].
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Given this, it would be highly desirable to have a fully de-
terministic, postselection-free protocol whose entanglement
dynamics (and not some proxy quantity) quantitatively re-
produces transitions in the trajectory-level entanglement of a
measured system. In this Letter, we introduce such a strategy.
We start with a system of interest, where a combination of
Hamiltonian dynamics and continuous measurements leads to
interesting features in the postselected entanglement dynam-
ics [Fig. 1(a)]. To access this physics, we propose studying
a distinct, modified setup that includes the original system
(the “target”) and its Hamiltonian dynamics. We now have
no explicit measurements, but instead introduce one or more
“register” systems, and implement dissipative dynamics that
directionally couples the target to these registers. This dis-
sipative dynamics is constructed to autonomously mimic an
adaptive process involving continuous measurement on the
target, followed by conditional feedforward driving of the
register [36–38] [Fig. 1(b)].

Unlike protocols based on deferred measurement [30,32],
our setup does not generate any entanglement between the
register and the system. Further, it only retains a vanishingly
small fraction of the information that would be contained in an
actual measurement record. Despite these caveats, we find that
if one considers an appropriate bipartition (where part of the
target is grouped with the registers), the entanglement of the
constructed dissipative dynamics can quantitatively capture
features of entanglement generation in the original monitored,
postselected system. Our approach thus has the potential of
providing a new and powerful method for accessing MIPTs.

While our scheme is general, we focus here on a relatively
unexplored setting, where there is a competition between
collective entanglement-generating measurements and a set
of local Hamiltonians that can either enhance or suppress
entanglement creation. This is the opposite of what is typically
studied, where the focus is instead on the interplay between
entangling unitaries and competing measurements [1–13].
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FIG. 1. Adaptive approach for mimicking entanglement dynam-
ics of a monitored system. (a) A collective measurement creates
conditional entanglement between A and B, whereas the uncondi-
tional state (averaged over measurement outcomes) is unentangled.
(b) By applying a conditional feedforward operation on auxiliary
register modes c j ( j = 1, 2, . . . , M), partial information from the
measurement record is retained. This can be enough to maintain
entanglement in the unconditional state [now between A and the
composite subsystem of (B, c j )]. This dynamics can be realized
fully autonomously (without any measurement) using an engineered
dissipative process [cf. Eq. (3)].

Our adaptive-dynamics setup generates entanglement growth
that exhibits almost the same parametric dependence as the
original measured, postselected system. As an application,
we show that for two bosonic modes, the adaptive dynamics
generates unlimited entanglement with logarithmic growth in
time. We also show that our measurement-free approach to
realizing MIPTs is directly applicable to many-body settings,
as well as nonlinear systems such as qubits and qudits. We
end by discussing experimental implementations, which are
within reach using current physical platforms.

Basic setup. While our scheme is suitable for many-body
systems, to illustrate the basic ideas we start by analyzing the
simplest nontrivial example: a target system consisting of two
bosonic modes, a and b. We define quadrature operators in
terms of annihilation operators â and b̂ as x̂m ≡ (m̂ + m̂†)/

√
2

(m = a, b). Consider the postselected dynamics due to com-
peting processes of a continuous entangling measurement
of the collective quadrature x̂+ ≡ (x̂a + x̂b)/

√
2, and a local

Hamiltonian

Ĥdet = (ω + δω)â†â + (−ω + δω)b̂†b̂. (1)

It is well known that large many-body lattice systems can ex-
hibit distinct phases of entanglement dynamics, characterized
by entanglement either growing linearly or logarithmically
in time (volume law or critical phases), or saturating (area
law phases). Similar regimes can also exist in few mode
bosonic systems, something that is enabled by their infinite-
dimensional Hilbert space. We find that depending on
parameters, the measurement-induced, intermode entangle-
ment generation in the two-mode system above can exhibit
drastically different asymptotic regimes, due to a competi-
tion between the entangling measurement and nonentangling
Hamiltonian dynamics.

To quantify entanglement, we will use the logarithmic
negativity E (ps)

N of the postselected state. In the absence of a
Hamiltonian (ω = δω = 0) and for an initial vacuum state, we
obtain unbounded entanglement growth (see Fig. 2)

E (ps)
N = (1/2) ln(1 + 2γ t ), (2)
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FIG. 2. Preservation of postselected entanglement generation via
adaptive dynamics. Dotted curve: Conditioned entanglement growth
between modes a and b, quantified by logarithmic negativity E (ps)

N ,
of the postselected state generated by continuous measurement of
the quadrature x̂+ ≡ (x̂a + x̂b)/

√
2 [see Eq. (2)]. Solid and dashed

curves: Deterministic entanglement between modes a and (b, c) as
generated by the postselection-free dissipative dynamics in Eq. (4),
for cases with (solid curve) and without (dashed curve) recovery
via projection measurement of mode c quadrature π̂ and conditional
feedback. Coloring of the curves (except gray) corresponds to state
purity. Parameter: η = 1.

where γ and t denote measurement rate and evolution time,
respectively [39] (see Supplemental Material [40] for details).
The logarithmic temporal dependence of entanglement gener-
ation is known to be a feature of conformal invariance [41],
and emerges in nonequilibrium systems including many-body
localized phases [42–44] and measurement-induced dynamics
[45,46]. Here, the logarithmic scaling arises due to quantum-
nondemolition (QND) measurement-induced squeezing (see
Ref. [47] for a Hamiltonian version of this effect).

If we now include local Hamiltonian dynamics generated
by Eq. (1), we find that entanglement growth is hindered
whenever δω �= 0: There is no longer any unbounded growth.
In contrast (and somewhat surprisingly), the local Hamilto-
nian dynamics can enhance entanglement generation when
δω = 0 and ω is nonzero. We stress these different regimes of
entanglement dynamics can only be seen with postselection:
If one instead averages over all the measurement outcomes,
the resulting unconditioned state is unentangled at all times
(irrespective of parameters).

We now seek to reproduce the conditional entanglement
dynamics of this measured system in a second postselection-
free (and potentially measurement-free) setup. Making use of
the general recipe laid out in the introduction, we consider an
adaptive process where a coarse-grained version of the mea-
surement record obtained from monitoring x̂+ is retained in a
set of auxiliary register bosonic modes c j ( j = 1, 2, . . . , M).
This could be achieved by partitioning the total evolution
time t f into M equal intervals, and in each interval, using the
measurement record to linearly force one of the M register
modes [see Fig. 1(b)]. As shown in Refs. [36–38], the uncon-
ditioned evolution from such a process in the zero-delay limit
is described by the master equation

(dρ̂/dt ) = −i[Ĥdet, ρ̂] + γ

M∑

j=1

f j (t ; t f )Lx̂+→ηŷ j ρ̂, (3)
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where f j (t ; t f ) ≡ �(t − j−1
M t f )�( j

M t f − t ) ensures the mea-
surement record from the jth interval drives the register mode
ĉ j [�(·) is the Heaviside step function]. We define the Lind-
bladians Lx̂+→ηŷ j as

Lx̂+→ηŷ j ρ̂ ≡ −i[ηx̂+ŷ j, ρ̂] + D[x̂+ − iηŷ j]ρ̂, (4)

with ŷ j ≡ (ĉ j + ĉ†
j )/

√
2 a quadrature of register j, η a

constant quantifying feedforward strength, and D[Ô]ρ̂ ≡
(Ôρ̂Ô† − {Ô†Ô, ρ̂}/2) denoting the standard Lindblad dissi-
pator [48,49].

While we have motivated Eq. (4) by considering uncon-
ditional evolution in a setup with explicit measurements and
feedforward, identical dynamics could be achieved without
any measurements at all: One could engineer an autonomous
dissipative process that yields the same master equation (using
the tools of reservoir engineering; see, e.g., Ref. [50]). This
then provides a potential measurement-free route for probing
the entanglement physics of the original monitored system.
We stress that the system-only dynamics is completely un-
affected by the feedforward step, i.e., if we trace out the
auxiliary registers in Eq. (3), the system dynamics faithfully
recovers the unconditioned evolution associated with mea-
suring x̂+. This is in marked contrast to schemes employing
feedback-assisted dynamics [23–26].

We first consider our scheme in the simple case Ĥdet = 0.
Surprisingly, we find that using a single register mode c [i.e.,
setting M = 1 in Eq. (3)] is sufficient to capture the desired
entanglement dynamics. This can be seen by computing the
entanglement of the total system state, with the bipartition
between modes a vs (b, c). As shown in Fig. 2, in the long-
time limit γ t � 1, the unconditioned state generated by the
dissipative dynamics in Eq. (3) with η = 1 and all the modes
in initial vacuum states (solid curve) fully preserves the con-
ditioned entanglement just from measuring x̂+ (dotted curve).
We also provide analytic arguments in the Supplemental Ma-
terial [40] for why a single register mode is sufficient in this
case, and show that the entanglement of formation EF has sim-
ilar dynamics to the log negativity. While we took the relative
feedforward strength η = 1 here, using larger values always
enhances our scheme’s ability to capture entanglement, as it
makes one less sensitive to quantum noise in the initial register
state [40]. We will nonetheless focus throughout on modest η

values, as this is sufficient for good performance and much
more compatible with experiment.

While Eq. (3) generates entanglement that closely mimics
the conditional dynamics of the original monitored system, it
does not generate a pure state; in fact, the purity decreases
with time (see Supplemental Material [40] for an analogous
effect in a qubit system). Using the measurement-feedforward
interpretation of Eq. (3), this can be attributed to the ran-
dom nature of a given measurement trajectory. Fortunately,
as shown in the dashed curves in Fig. 2, one can still recover
almost pure-state entanglement from this highly mixed state
via a single Gaussian, projection measurement on mode c,
followed by local, conditional feedback operations on the
target modes (see Supplemental Material [40]).

Capturing nontrivial entanglement features. We return to
Eq. (3), and now consider dynamics with both collective mea-
surement and a competing local Hamiltonian. Consider first

FIG. 3. (a) Time-dependent (a, b) entanglement in the post-
selected state generated from the combination of Hamiltonian
dynamics as per Eq. (1) and continuous measurement of x̂+. (b) Light
blue: Measurement-induced entanglement at a fixed evolution time
t f = 10γ −1, as a function of the Hamiltonian parameter δω. Red
asterisks: Same, but entanglement generated by our measurement-
free adaptive-dynamics scheme with M = 20 registers [see Eq. (3)],
with respect to the bipartition between a and the rest of the system.
The adaptive scheme quantitatively captures the nontrivial parameter
dependence of the conditional entanglement generated in the original
measured setup. Parameters in (a) and (b): ω/γ = 1.2, η = 5, t f =
10γ −1. (c) Solid lines: Entanglement page curve (between the first j
sites and the rest of the system) generated by conditional dynamics
under uniform on-site detunings (δω �= 0) and measurements on
nearest-neighbor bonds (with strength γ ) on a 32-site lattice. Aster-
isks: Entanglement created via the corresponding measurement-free
adaptive protocol [see Eq. (3)]. Parameters: M = 15, η = 5. Total
protocol time is chosen as t f = 50γ −1 for δω = 0, or the time
when entanglement stabilizes in the conditional dynamics or the
measurement-free adaptive protocol, respectively (see Supplemental
Material [40] for details).

features of the measured dynamics with postselection, which
as mentioned can exhibit unbounded entanglement growth
(δω = 0) or saturation (δω �= 0) in the long-time limit, as
shown in Fig. 3(a). Surprisingly, adding a local Hamilto-
nian can enhance long-time entanglement growth [logarithmic
growth that is twice as fast compared to Eq. (2)] when δω = 0
and ω �= 0. As shown in the Supplemental Material [40], this
can be understood via a special symmetry structure of Ĥdet,
often termed a quantum-mechanics-free subsystem (QMFS)
[51,52]. If the system is weakly perturbed by tuning δω away
from the QMFS parameter point, the logarithmic negativity at
a fixed evolution time exhibits a sharp peak at δω = 0 [see
the light blue curve in Fig. 3(b)]. The entanglement of the
conditional state also shows curious nonmonotonic-in-time
features when the perturbation crosses the point δω = ω [cf.
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the green curve in Fig. 3(a)]; at that specific parameter choice,
the entanglement vanishes in the asymptotic long-time limit.

We now come to a central result of this Letter: The non-
trivial features in the postselected entanglement generation
discussed above can be faithfully captured in the uncondi-
tional state produced by the dissipative dynamics of Eq. (3)
[see Fig. 1(b)]. We plot in Fig. 3(b) the entanglement gen-
erated between a (subsystem A) and the expanded system of
b and M register modes (subsystem B′) as a function of δω

[obtained numerically from Eq. (3)]. Using M = 20 register
modes (corresponding to a coarse-graining timescale 	t ∼
t f /20 = 0.5γ −1) allows us to closely reproduce the postse-
lected entanglement dynamics, even though this retains a tiny
fraction of the full measurement records [53] (see Supplemen-
tal Material [40] for more details).

Generalizations. The adaptive-dynamics approach can be
generalized to a variety of more complex systems. As a
many-body extension of our bosonic example, we consider
a one-dimensional (1D) bosonic lattice subject to continu-
ously monitoring of linear bond variables. Such dynamics can
create long-range entanglement in the conditional state and
host measurement-induced entanglement transitions [13,14].
Further, the conditional entanglement transitions from log
law (δω = 0) to area law (δω �= 0) in the presence of an
on-site Hamiltonian, Ĥdet,multi = δω

∑n
j=1 â†

j â j . As shown
in Fig. 3(c), a direct multimode generalization of the au-
tonomous protocol in Eq. (3) lets us capture conditional
entanglement generation in the two regimes without any mea-
surement or postselection (see Supplemental Material [40]
for simulation details). Importantly, the coarse-graining pro-
cedure as per Eq. (3) quantitatively preserves the spatial
entanglement structure using values of the feedforward pa-
rameter (η = 5) and the number of registers per bond (M =
15) that are comparable to the two-mode case. Further simula-
tions with varying system sizes [40] show that for our protocol
to quantitatively reproduce the conditional entanglement gen-
eration, the required M and η do not scale with n, indicating
that our protocol generalizes to many-body systems with a
hardware overhead scaling linearly in system size.

It is also worth noting that the bosonic systems discussed
thus far can be directly mapped to genuinely many-body qubit
systems, where each bosonic mode becomes an ensemble of
2S spins (S � 1) and the quadrature operator x̂a is replaced
with the rescaled total angular momentum operator of the ath
ensemble along the x axis, x̂a → Ŝa,x/

√
S, via the Holstein-

Primakoff transformation [54]. The aforementioned bosonic
1D system can thus describe an array of spin ensembles
with nontrivial connectivity; such systems with programmable
connectivity have been recently realized experimentally using
atomic ensembles (see, e.g., Refs. [55,56]).

Another generalization is to move beyond quadratic
bosonic systems. This immediately creates extra complexity,
as now measurement-induced entanglement in the postse-
lected state can fluctuate from trajectory to trajectory [57].
Despite this, for several examples in this more general cat-
egory, we find that our adaptive scheme still provides a
means for replicating conditional measurement-induced en-
tanglement. For concreteness, consider a target system of
two qubits undergoing a continuous measurement of a non-
local operator 
̂x. For our autonomous scheme, we will use

FIG. 4. Deterministic entanglement generation between qubit 1
and extended systems consisting of qubit 2 and an auxiliary d-
dimensional register c, via the adaptive dynamics in Eq. (5) that
realize an autonomous measurement-and-feedforward process (solid
curves). In the asymptotic long-time limit and for c being a bosonic
mode with a quadrature as the feedforward operator, the deter-
ministic entanglement (gray solid curve) perfectly replicates the
trajectory-averaged conditioned entanglement (black dashed curve)
created by a weak nonlocal measurement of 
̂x ≡ (σ̂x,1 + 0.7σ̂x,2)/2
at intermediate and large timescales. Parameter: η = 1.

a single d-dimensional auxiliary register system, yielding a
dynamics

(d ρ̂/γ dt ) = −i[η
̂xF̂ , ρ̂] + D[
̂x − iηF̂ ]ρ̂, (5)

where η, F̂ denote the feedforward strength and feedforward
operator acting on the register, respectively. We take 
̂x ≡
(σ̂x,1 + 0.7σ̂x,2)/2 and F̂ a truncated bosonic quadrature op-
erator acting on the auxiliary qudit (note the applicability of
our protocol does not rely on specific form of these operators,
see Supplemental Material [40]). As shown in Fig. 4, the
measurement-free dynamics in Eq. (5) accurately captures
features of the conditioned entanglement at short to moderate
times. At longer times there is no longer a correspondence,
something that is simply understood as being the result of the
finite dimensionality of the register (e.g., there is no longer
sufficient dynamic range to store measurement outcomes). In-
creasing the dimension of the register d ≡ dim Hc (see Fig. 4)
increases the effective dynamic range of the register, thus
enhancing its ability to store information.

Discussions. We have presented a general measurement-
free method for replicating conditional entanglement gen-
erated in a continuously monitored system. It involves
engineering directional interactions with an auxiliary register
system which effectively retains a small fraction of the infor-
mation content in a given measurement record. The examples
we consider suggest that despite the seemingly large loss of
information contained in the specific measurement outcomes,
this approach can quantitatively capture entanglement features
arising from the competition between measurements and uni-
tary dynamics, as measured by negativity-based quantities.
In future work, it would be interesting to understand more
rigorously the question of how much of the measurement
record in a generic setup can be discarded before our scheme
breaks down. While our work focused on logarithmic nega-
tivity, another question worth further exploration is whether
one can recover more general entanglement measures, such as
higher Rényi entanglement entropies, via our measurement-
free protocol.
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We note that the key ingredients of our scheme can be real-
ized either directly in physical platforms that inherently allow
nonreciprocal QND interactions, e.g., in levitated nanoparti-
cles [58], or synthetically using standard reservoir engineering
techniques [59,60]; the latter has been demonstrated in a
variety of experimental platforms [61–66] (see Supplemental
Material [40] for details).

Our work ultimately employs feedforward dynamics,
and hence connects to other general topics in quantum
dynamics. This includes ideas for how feedback and feed-
forword can enhance the power of shallow quantum circuits
[67–69]. It also connects to the question of if and when

dissipative Markovian dephasing dynamics can create en-
tanglement, an issue that can also be mapped to effective
feedforward processes [70]. Our results here provide an in-
tuitive understanding of how entanglement can be generated
by such correlated dephasing processes (see Supplemental
Material [40]).
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N. A. Lewis, O. Marković, and M. Schleier-Smith, Spin squeez-
ing by Rydberg dressing in an array of atomic ensembles, Phys.
Rev. Lett. 131, 063401 (2023).

[56] E. S. Cooper, P. Kunkel, A. Periwal, and M. Schleier-Smith,
Graph states of atomic ensembles engineered by photon-
mediated entanglement, Nat. Phys. 20, 770 (2024).

[57] This is similar to the situation of going from Clifford to non-
Clifford circuits.

[58] J. Rieser, M. A. Ciampini, H. Rudolph, N. Kiesel, K. Horn-
berger, B. A. Stickler, M. Aspelmeyer, and U. Delić, Tunable
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