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Glassy dynamics with softened kinetic constraints on a noisy quantum computer
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Mid-circuit measurements provide direct access to trajectory-level observables, revealing dynami-
cal structures in many-body systems that are invisible in ensemble-averaged quantities. We exploit
this capability to realize and study an instance of the Floquet-East model on a superconducting
quantum processor. Here, the combination of mid-circuit measurements, kinetically constrained
unitary operations and hardware noise gives rise to intricate many-body phenomena. Analyzing
trajectories obtained from temporally and spatially resolved mid-circuit measurements, we identify
dynamical heterogeneity — a hallmark of glassy dynamics. We quantify this emergent behavior by
studying the probability of finding inactive space-time regions of a given size. This quantity dis-
plays a crossover from an area- to perimeter-dominated scaling, which is a characteristic property of
glasses and is associated with the proximity to a dynamical first-order phase transition. Our results
establish current noisy intermediate-scale quantum devices as scalable testbeds for investigating

correlated many-body phenomena at the level of measurement trajectories.

Introduction.— Quantum devices are attracting sig-
nificant interest due to their potential to simulate large
quantum many-body systems that would otherwise be
inaccessible with classical computers [1-5]. Mid-circuit
measurements extend this paradigm beyond purely uni-
tary dynamics, enabling the exploration of various facets
of non-equilibrium quantum matter [6-11]. These oper-
ations not only influence the dynamics, but the associ-
ated outcomes—the quantum trajectories—reveal space-
time resolved information about the many-body dynam-
ics [12-15]. This perspective has already become a
powerful tool for studying quantum-to-classical transi-
tions [16, 17], entanglement phase transitions [18-21],
and quantum-enhanced sensing protocols [22, 23]. The
combination of mid-circuit measurements and feedback
operations is furthermore a central aspect of ongoing ef-
forts in quantum error correction [24-26].

A particularly interesting use case for mid-circuit mea-
surements is the study of dissipative quantum systems
exhibiting glassy dynamics, reminiscent of those found
in kinetically constrained models [27-30]. In classical
models, a hallmark of glassiness is dynamical hetero-
geneity, which is observable in individual stochastic re-
alizations of the many-body dynamics. Here, different
regions in space relax at vastly different rates due to a
highly correlated approach towards stationarity. This oc-
curs despite the fact that the stationary state itself may
be entirely structureless [31-40]. Their quantum coun-
terparts exhibit slow dynamics, non-thermal eigenstates
and Hilbert space fragmentation [41-45], which can be
further enriched by the interplay of coherent and dis-
sipative processes [12, 46-49]. On classical computers,
studying the ensuing quantum many-body dynamics is
only possible with approximate methods, e.g. based on
tensor networks [50-53], that truncate the exponentially

large state space. Quantum hardware, on the other hand,
implements quantum dynamics and the associated state
space natively. However, the current generation of quan-
tum processors still suffers from ubiquitous noise, yield-
ing random errors. Interestingly, these devices enable
the investigation of highly nontrivial collective quantum
many-body phenomena when one accepts this noise as
part of the dynamics [54-57].

In this work, we show this exemplarily for a Floquet-
East model realized on the ibm_kingston quantum com-
puter [cf. Fig. 1(a,b)]. Here, a set of ancilla qubits is
coupled to a chain of system qubits that evolve under
kinetically constrained dynamics. The hardware noise
predominantly gives rise to random state changes of in-
dividual qubits. In the context of glassy dynamics stud-
ied here, such processes effectively determine a softening
of the kinetic constraint [58-60]. Monitoring the system
dynamics takes place by periodically measuring the state
of the ancillas [cf. Fig. 1(b)]. Gathering the binary mea-
surement outcomes yields intricate space-time trajecto-
ries, an example of which is shown in Fig. 1(c). These
trajectories display dynamical heterogeneity, reminiscent
of glassy systems, which we characterize by analyzing
the probability of finding an inactive cluster of a given
spatial and temporal extent consisting exclusively of ‘0’
measurement outcomes [see Fig. 1(c) for an example].
From this probability, we define a dynamical free energy
and show that it exhibits a crossover from an area- to
perimeter-dominated scaling as the size of the inactive
cluster increases. This behavior is the consequence of
the competition between entropic and energetic contribu-
tions near a dynamical first-order phase transition. Our
work thus highlights the utility of trajectory-level observ-
ables for investigating collective phenomena in quantum
many-body systems on present-day quantum processors.
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FIG. 1. Monitored circuit dynamics on the
ibm kingston quantum processor. (a) Embedding of the
Floquet-East model into the heavy-hex topology of the super-
conducting quantum processor. The system qubits (S, blue)
are coupled to ancilla qubits (A, red) on every second site.
(b) Circuit implementation. During each discrete time step,
the system first undergoes unitary evolution [cf. Eq. (1)], be-
fore it is coupled to the ancillas. Blue and orange gates denote
system—system and system—ancilla couplings parametrized by
the quantities w and +, respectively. Measuring the ancillas
monitors the system dynamics and results in the binary mea-
surement outcome k;(t) describing the quantum trajectory.
The inherent noise of the quantum device effectively softens
the kinetic constraint. Its influence can be understood as the
result of independent bit flips with probability pai, that are
indicated by the blue crosses. (c) Exemplary quantum tra-
jectory for monitored quantum dynamics at w = 7/4 and
v = 1.0. We represent the measurement outcomes k;(t) = 1
[ki(t) = 0] as filled [empty] red markers. The rich space-time
structure comprises inactive clusters of exclusively ‘0’ mea-
surement outcomes in rectangular regions of size £ X 7 that
are the central trajectory-level observable in this work.

The model.— We implement the Floquet-East model
on the heavy-hex topology of the ibm_kingston processor
as shown in Fig. 1(a). A set of L = 48 system (S) qubits is
arranged in a 1D spin chain with periodic boundary con-
ditions, where each qubit is described by the computa-
tional basis {|0),|1)}. Additionally, we include L/2 = 24
ancilla (A) qubits that are adjacent to every second sys-
tem qubit and which are used to monitor their dynam-
ics [53]. The Floquet-East model that we consider here is
then described by the quantum circuit shown in Fig. 1(b).

The elementary building block is a controlled single-
qubit rotation that is implemented by the unitary

Ujfl’j = +—[:] = e_wmjflgjF = CRX(QUJ)j,l’j . (1)

Here, n = |1)1] and ¢ = |0)1| 4 h.c. denote the excita-
tion number and the Pauli-X operators, respectively, and
w is the rotation angle. The gate in Eq. (1) is applied
on all even and odd bonds of the spin chain in a brick-
work structure. Notably, it only acts non-trivially on the
system qubit at site j if the control qubit at site j — 1 is
in state |1). This realizes the so-called facilitation con-
dition, which is the kinetic constraint that governs the
dynamics of the East model [31, 45].

The ancilla qubits are employed to monitor the exci-
tation number. This is achieved by preparing the ancilla

qubits in state |05) and coupling them to the system
qubits via the same gate as in Eq. (1). Measuring the
ancilla qubits then realizes a generalized measurement of
the corresponding system qubits described by the Kraus
operators [53, 61]

K, = </€A| eSO ‘0A>

= 0,0[1 + (cosy — L)ng] + 0y 1[—i(siny)ng] .

Here, ~ represents the measurement strength that in-
terpolates between projective measurements (v = 7/2)
and no measurements at all (y = 0). The measure-
ment outcome k; € {0,1} is obtained with probability
7, = || Kk, [1) ||?, and the system state is updated ac-
cording to |y — Ky, |¥) /|| Kk, [¢) ||. This generalized
Born rule emphasizes the dual nature of the monitor-
ing protocol, which simultaneously describes and steers
a single stochastic realization. The time sequence of mea-
surement outcomes yields the measurement record n =
[k:(t)]:¢- This so-called quantum trajectory can exhibit
a rich space-time structure even though the Floquet-East
model has a structureless stationary state (see the Sup-
plemental Material [62] for details). It further allows us
to consider trajectory-level observables such as the ac-
tivity of a given space-time region, which is defined as
the total number of ‘1’ measurement outcomes within it.
Trajectories of the Floquet-East model are characterized
by the presence of inactive clusters, which have zero ac-
tivity [cf. Fig. 1(c)].

When implementing the above circuit dynamics on the
ibm kingston quantum processor, the influence of the
inherent hardware noise must be considered. Generally,
noise arises from various error sources, such as imperfect
gate operations, decoherence and even correlated errors,
which render the characterization of corresponding noise
models an ongoing challenge [64-66]. However, the pro-
cesses that are most relevant for the Floquet-East model
are random bit flips of individual qubits. This is be-
cause they do not respect the kinetic constraint imposed
by Eq. (1). The ensuing dynamics on the quantum com-
puter is therefore that of a spin model subject to softened
kinetic constraints [58-60]. In the Supplemental Mate-
rial [62], we show that our observations are consistent
with an effective bit-flip probability of pai, ~ 0.05.

In the following, we investigate the space-time dynam-
ics of this system, which features a total of 72 (system
and ancilla) qubits. To this end, we analyze on the order
of 10° quantum trajectories that we obtained from the
ibm_kingston quantum processor in less than 10 minutes
of runtime. The possibility of gathering such an amount
of data on quantum many-body dynamics is key to the
potential of current quantum processors to investigate
collective phenomena at the level of individual trajecto-
ries.

Dynamics at the classical deterministic point.—
As a first step, we consider the dynamics at the special
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FIG. 2. Dynamics at the classical deterministic point.
(a) Classical simulations for w = 7/2 and v = 7/2. We
plot the evolution of the system in terms of local excitation
numbers n;(t) at half-time steps of the gate-based dynamics.
Empty [filled] red markers indicate the positions of projective
measurements performed via the ancilla qubits, resulting in
ki(t) = 0 [ki(t) = 1]. (b) Corresponding ancilla measurement
outcomes k;(t). (c) Exemplary ancilla measurement outcomes
obtained from a single run on the ibm_kingston quantum pro-
cessor for the same initial state. (d) Average ancilla excitation
number (k;(t)) of 10000 such trajectories. We observe that
the individual measurement trajectories of the classical sim-
ulations and those recorded on the ibm kingston exhibit a
pronounced dynamical heterogeneity. In contrast, averaging
over trajectories from the quantum processor rapidly washes
out this structure because of noise-induced stochasticity.

parameter set w = /2 and v = 7/2, which corresponds
to a classical deterministic Floquet-East model [38].
Here, the system state is described by a classical product
state at all times, which allows for efficient classical simu-
lations. Also, the ancilla measurement outcomes directly
reflect the state of the corresponding system qubits. This
is because the unitary gate in Eq. (1) is equivalent, up to
a phase, to a controlled-NOT gate that implements de-
terministic updates between these classical states. The
Kraus operators in Eq. (2) instead describe projective
measurements in the computational basis that extract
the binary value of the corresponding system qubit with-
out changing its state.

In Fig. 2(a), we show the locally resolved evolution of
the excitation numbers n;(t) for a fixed, yet otherwise
random, initial state in the computational basis. A char-
acteristic feature of the East model is the formation of
triangular void regions with n;(t) = 0. These regions
are a manifestation of the dynamical heterogeneity: the
kinetic constraint allows for these regions to only dis-
solve starting from their left boundary, which renders
them long-lived. Regions with an extensive number of
excitations relax much faster. As ancilla measurement
outcomes k;(t) are obtained directly from the excitation
number n;(t) at every second qubit, they display a very
similar space-time structure [cf. Fig. 2(b)]. In particular,

inactive clusters of exclusively ‘0’ measurement outcomes
are clearly visible and mark space-time regions with dif-
ferent dynamical behavior.

Running the same circuit on the ibm_kingston, we ob-
tain measurement trajectories such as the one shown in
Fig. 2(c). We see that this measurement record exhibits
individual defects that arise from the hardware noise,
which makes the dynamics on the quantum processor no
longer deterministic. This is also clearly seen in the av-
erage over 10000 trajectories that we show in Fig. 2(d).
Although deterministic and noise-free dynamics would
produce an average identical to panel (b), here, the aver-
age ancilla excitation number (k;(¢)) rapidly approaches
a uniform value that provides no information about po-
tential collective phenomena. However, individual trajec-
tories still display a highly correlated space-time struc-
ture that represents the dynamical heterogeneity. This is
also the case away from this special point [cf. Fig. 1(c)],
where, in addition to the stochasticity arising from hard-
ware noise, we have quantum projection noise due to the
fact that the system state is no longer represented by a
classical product state.

Statistics of inactive clusters in space-time.—
To analyze collective behavior, we specifically focus on
the statistics of inactive clusters, which are defined as
rectangular regions of size ¢ X 7 in the measurement
record 7 that contain exclusively ‘0’ measurement out-
comes [cf. Fig. 1(c)]. At the trajectory level, their prob-
ability pyx, is a multi-point correlation function. In an
uncorrelated trajectory, the probability of finding an in-
active cluster of size ¢ x 7 factorizes and hence decays
exponentially with the area ¢7 of the cluster. We can
draw a thermodynamic analogy, where we interpret the
binary measurement record 7 as a microscopic configu-
ration of a 1+1D spin system [67]. This allows us to
define the dynamical free energy of an inactive cluster as
Fywr = —logpex,. Here, the exponential decay of the
probability with the area of the cluster can be under-
stood as an entropic free-energy cost associated with the
formation of this ordered structure, which is proportional
to its area 7. Indeed, as we show in Fig. 3(a,c) for the
classical deterministic point and the monitored quantum
dynamics, the dynamical free energy exhibits this area-
law scaling for clusters with small temporal extensions,
where the slope of the dynamical free energy is propor-
tional to the spatial extension ¢ of the cluster. However,
as the temporal extension 7 of the cluster increases, we
observe that the dynamical free energy Fyx, grows more
slowly, and its dependence on the spatial extension ¢ be-
comes progressively weaker. Hence, the probability is
no longer suppressed exponentially with the area of the
cluster, but rather with its perimeter. This crossover in
the scaling behavior of inactive clusters is due to the fact
that trajectories look random on a small scale, but are
highly correlated on a mesoscopic scale.

The phenomenology is reminiscent of the so-called hy-
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FIG. 3. Statistics of inactive clusters in space-time.
(a) Negative log-probability Fyx . of finding an inactive space-
time cluster of size £ X 7 at the classical deterministic point
(w =7/2 and v = 7/2). For fixed spatial extensions ¢ (see
color reported in the legend), we plot the dynamical free en-
ergy against the temporal extension 7. We compare results
obtained from 200000 quantum trajectories that we recorded
on the ibm kingston quantum processor (markers with error
bars indicating twice the standard error of the mean) with
classical tensor-network calculations of perfect and softened
kinetic constraints (lines and shaded regions with pai, = 0 and
paip = 0.05, respectively). (b) Corresponding surface tension
metrics. We plot the extracted fit parameters ar and 3, that
capture the area- and perimeter-related contributions to the
dynamical free energy Fyx . according to Eq. (3). (¢,d) Same
as in the panels (a,b), but for monitored quantum dynam-
ics at w = w/4 and v = 1.0. The increase of 3. over a, at
late times indicates the crossover to a perimeter-dominated
scaling, which is a hallmark of dynamical heterogeneity. Note
that the surface tension metrics are normalized according to
independent measurement outcomes of the same average ac-
tivity (see Supplemental Material [62] for details).

drophobic [68, 69], or generally orderphobic [70, 71], ef-
fect in the vicinity of a first-order phase transition. In
this analogy, inactive clusters play the role of solutes or
ordered regions. Small inactive clusters are formed by
random fluctuations and are therefore described by an
entropic free-energy cost. In contrast, large inactive clus-
ters are stabilized by the reduction in free-energy cost as-
sociated with creating an interface between the ordered
and disordered phases. For quantum trajectories that
display unexpectedly large inactive clusters, this means
that the system is dynamically close to a first-order phase
transition between an active and an inactive phase in tra-
jectory space [36]. At the phase transition, macroscopi-
cally large active and inactive space-time regions coexist
and give rise to the dynamical heterogeneity, which is a
hallmark of glassy dynamics. Here, the appearance of
large inactive clusters merely comes at the free-energy

cost associated with the interface to the active phase,
which determines the perimeter-law scaling of the dy-
namical free energy Fyx.. For the classical and the mon-
itored quantum Floquet-East model with perfect kinetic
constraints, this dynamical first-order phase transition is
known to exist at the level of trajectories [38, 39, 53].

In our setup, we have a softening of the East-model
constraint due to the inherent noise on the ibm_kingston
quantum processor, which is expected to move the sys-
tem away from the exact phase coexistence point [59, 60].
This leads to an intricate balance between entropic and
energetic contributions to the dynamical free energy
Fyy+, which we quantify by extracting the temporal sur-
face tension, i.e., the change of the dynamical free en-
ergy upon increasing the temporal extension by one unit.
Concretely, we have

ArFoxr = Fox(r41) — Fixr = arl + B, 3)

where o, and (3, are fit parameters encoding the area-
and perimeter-related contributions to the dynamical free
energy, respectively. Fig. 3(b,d) shows the extracted val-
ues of o, and (3, for the classical deterministic point and
the monitored quantum dynamics. We observe that the
crossover from area- to perimeter-dominated scaling oc-
curs very rapidly at 7 ~ 2 for the classical determin-
istic point (see the Supplemental Material [62] for the
analytic derivation of the noise-free case). While the
crossover is more gradual for the monitored quantum dy-
namics, we still find that 3, eventually exceeds «., which
indicates the emergence of a perimeter-dominated scal-
ing reminiscent of strong spatiotemporal correlations at
a mesoscopic scale. Together with the observation that
the area contribution, as quantified by a.., is non-zero,
this indicates that the system is not exactly at the phase
coexistence point, but sufficiently close to witness the
competition between the two scalings. These observa-
tions are in line with the tensor-network-based calcula-
tions of the dynamical free energy for a softened kinetic
constraint with pgi, = 0.05 (see Fig. 3 and the Supple-
mental Material [62] for details). This supports the in-
terpretation that the dominant effect of noise on these
trajectory-level observables can be understood in terms
of independent bit flips, thereby demonstrating that the
quantum processor is effectively simulating softened ki-
netic constraints.

Discussion and Outlook.— In this paper, we
demonstrated that quantum trajectories obtained from
mid-circuit measurements on a noisy quantum processor
exhibit strong spatiotemporal correlations characteristic
of dynamical heterogeneity. The observed behavior re-
flects a nearby first-order phase transition and the asso-
ciated coexistence of active and inactive phases in tra-
jectory space. This is a hallmark of glassy systems and
shows that such complex dynamics are accessible on cur-
rent quantum processors, even in the presence of noise.
Looking ahead, such trajectories provide a rich dataset



for further data-driven analysis. Here, machine learning-
based methods, such as those proposed in Refs. [72, 73],
may complement hand-crafted observables and help to
reveal unexpected features in the study of glassy quan-
tum dynamics.
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I. PROPERTIES OF THE MONITORED QUANTUM FLOQUET-EAST MODEL

In this section, we provide further details on the properties of the Floquet-East model and the implementation on the
ibm kingston quantum processor. First, we discuss the properties of the ensemble-averaged state and demonstrate
that the fully mixed state is a stationary state of the dynamics, regardless of the specific parameters. Next, we
elaborate on the reset-free implementation of the circuit dynamics, before providing details on the bit-flip noise
channel as an effective description of the softened kinetic constraint on the quantum processor.

A. Average state dynamics

We start by discussing the properties of the ensemble-averaged state and show that the fully mixed state is
a stationary state of the dynamics, independently of the specific parameters. We argue that this allows us to
leverage Hadamard-like rotations paired with projective measurements to sample the statistics of inactive clusters at
stationarity.

The average state dynamics can be described in three steps that follow the circuit representation shown in Fig. 1(b).
First, by averaging over all ancilla measurement outcomes, the unitary dynamics and the monitoring via the ancilla
qubits can be combined as

p = Eunlpl = K UpUTK] . (1)
{k}

Here, U is the unitary evolution constructed from the Floquet-East model gates in Eq. (1), and Ky abbreviates the
product of the single-site Kraus operators in Eq. (2) corresponding to the measurement outcomes k = [k;];. To model



the effective influence of the noise on the quantum device (see Sec. IC for a more detailed discussion), we consider
independent incoherent bit flips with probability pg;, per system qubit and time step by concatenating Eq. (S1). This
is described by the bit-flip quantum channel, which locally acts as

Pi = Epmipl05] = (1 = Daip) pj + PipT; P05 - (S2)

Here, p; denotes the reduced density matrix of the jth qubit. Since the Kraus operators in Eq. (2) [and also in
Eq. (S2)] are normal operators, it is easy to see that these quantum channels are unital, i.e., they map the fully mixed
state 1/2" to itself. Hence, the fully mixed state is a stationary state of the combined channel &, o &, - for any
values of w, v, and pgip,. Sampling an initial condition from this state is directly implemented via the combination
of Hadamard-like rotations and measurements in the computational basis, and we can use this whenever we are
interested in accessing the stationary probability distribution of trajectory-level observables [cf. Fig. 3].

It is important to note that, when pg;j, = 0, the fully mixed state is not the only stationary state. The perfect
kinetic constraint combined with periodic boundary conditions dynamically decouples the completely deexcited state
10)®% which gives rise to an exceptional stationary state [49]. However, its weight according to the fully mixed state is
exponentially suppressed in system size, and we never observed it in the data that we obtained on the ibm kingston.
As it further ceases to be a stationary state when pgi, > 0, we neglect its influence and only comment on it again
when discussing the analytic solution of the dynamical free energy of the classical deterministic Floquet-East model
at paip = 0.

B. Implementation of the circuit dynamics on the ibm kingston quantum processor

In this section, we discuss the implementation of monitored circuit dynamics on the ibm_kingston quantum
processor. Generally, we follow the quantum circuit outlined in Fig. 1(b) that only features gates between neighboring
qubits according to the mapping in Fig. 1(a).

For the concrete implementation, we can make two small adjustments. First, if no initial state is fixed manually,
we can study the stationary distribution of trajectory-level observables by exploiting the above-outlined sampling
procedure for the initial state. Importantly, we only need to compile a single circuit that can be run over and over
again. Second, we notice that the monitoring described in Eq. (2) is invariant under initializing an ancilla in state |1)
and swapping the labels k;(t) € {0,1} of the ancilla measurement. Thus, although Eq. (2) is written for an ancilla
initialized in |0), the implementation on the ibm_kingston can realize the same measurement statistics by tracking
changes in the ancilla state, without actively resetting ancillas. To directly see this, we write the interaction between
system and ancilla qubit as

Uga = e "1"s% (s3)
= [Ig + (cosy — 1)ng] ® 15 — i[siny|ng ® o .

Here, the first part leaves the ancilla qubit in the same state as before the interaction, while the second part flips the
ancilla qubit. Therefore, and even though it would be technically possible, we eliminate the need to reset the ancillas
by labeling a change in the ancilla state as a ‘1’ measurement outcome and no change as a ‘0’. We note that this
is indeed similar to the common definition of activity in classical kinetically constrained models, where these state
changes are among the central quantities of interest.

The resulting circuits are then compiled using the Qiskit library [63] and submitted to the ibm_kingston quantum
processor on June 18, 2026 within the 10 free runtime minutes of the open plan agreement. Here, the circuits for
(w,v) = (n/2,7/2) and (w,v) = (7/4,1.0) have circuit depths of approximately 360 and 1040 gates for 40 discrete
time steps, respectively. Note further that we use 10000 shots for Fig. 2, while extending this number to 200 000 per
parameter set for the analysis of the dynamical free energy in Fig. 3.

C. Bit-flip noise channel and softened kinetic constraints

We now review the effective noise model of individual and uncorrelated bit-flips that we outlined in the main
manuscript. We also elaborate on the specific value of pgj, = 0.05, which we selected for the comparison in Fig. 3.



First, we clarify again that it is not the purpose of this noise model to describe the exact noise of the quantum
processor but rather to aid the understanding of the effective dynamics. The development of accurate noise models
is an ongoing challenge due to the various sources of noise that can arise from slightly imperfect pulse sequences,
unaccounted couplings between qubits on the device, or between qubits and their environment [64-66]. However,
in order to understand the Floquet-East model as implemented on the ibm_kingston quantum processor, it is most
important to consider the effective processes that counteract the kinetic constraints encoded in Eq. (1). These are
the processes that do not require an excited qubit to change the state of its neighbor [58-60]. This class includes, for
example, incoherent independent bit flips that are parametrized by a single probability pg;, according to Eq. (S2).
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FIG. S1. Error analysis of the ancilla measurement outcomes for the classical deterministic dynamics. We plot
the average ancilla fidelity as obtained by comparing the ancilla measurement outcomes k;(t) obtained on the ibm kingston
quantum processor to the ideal ancilla measurement outcomes for the classical deterministic Floquet-East model with w = 7/2
and v = /2. Based on 5 different initial conditions with 10000 trajectories each, we show the average over all ancilla qubits
(red line with star markers) and the average over individual ancilla qubits (faint red lines with circle markers). The dashed
black lines show the expected decrease in fidelity from random, independent bit flips with probabilities of paip = 0.05 and
paip = 0.1 per system qubit and time step without considering the propagation of errors or more than one bit flip per site.

To infer a suitable value for this probability, we consider the dynamics at the classical deterministic point (w = 7/2,
v = m/2). Here, we analyze the ancilla fidelity that we compute by comparing the classically calculated outcomes
to the measurement outcomes collected from the ibm kingston processor. For short times and to first order in the
bit-flip probability paip, the ancilla fidelity is sensitive to bit flips in the system but is insensitive to the propagation
of errors through the controlled-NOT gates. In this regime, it is expected to decrease linearly with time, where the
slope is set by the bit-flip probability pgip. In Fig. S1, we observe that the data that we collected from the quantum
processor is consistent with an effective bit-flip probability of pai, ~ 0.05. Note further that also in Fig. 3, the
predictions of the associated noise model are in line with the observations made for the statistics of inactive clusters.

D. Parameter choice for the presented dynamics

Finally, we discuss our choice of w and v in the main manuscript. On the one hand, w = 7/2 and v = /2 correspond
to the classical deterministic Floquet-East model, and permit the direct comparison of the classically calculated ancilla
measurement outcomes and those obtained on the ibm_kingston quantum processor as done in Fig. 2 upon choosing
the same initial state. Furthermore, the probability of inactive regions can be calculated analytically (see, in particular,
Sec. IIB 1), where we find that the dynamical free energy under these perfect and deterministic kinetic constraints
exhibits an instantaneous area- to perimeter-scaling crossover.

On the other hand, we choose w = 7/4 and v = 1.0 for the monitored quantum dynamics that we study in Fig. 1(c)
and Fig. 3(c,d). This choice is motivated by two considerations. First, the measurement strength specified by v # 7/2
allows for coherent superpositions in the system dynamics due to the non-projective nature of Ky in Eq. (2). Secondly,
the unitary dynamics described by w is sufficiently far from the classical deterministic point to be markedly stochastic.
Combined with v = 1.0, it nevertheless remains in a regime where strong facilitation allows an early crossover from
area- to perimeter-scaling in the temporal extension of inactive clusters.

II. TRAJECTORIES, ACTIVITY AND DYNAMICAL PHASE COEXISTENCE

In this section, we provide additional details on the importance of ancilla measurement outcomes as quantum
trajectories in the analysis of monitored quantum dynamics. We further discuss the role of inactive space-time



clusters as trajectory-level observables and how their statistics are related to dynamical first-order phase transitions
linked to kinetic glass formers.

A. The dynamical activity phase diagram

As a starting point, we define the activity and its role as an order parameter for the dynamical phase transition in
monitored circuit dynamics such as the one analyzed in this work. Note that the discussion is adapted from Ref. [53]
and Ref. [38] for the monitored quantum and the classical deterministic Floquet-East model, respectively.

16 Shot 27 Shot 45 Shot 53 Shot 89
< 12} () (b) (c) (d)
£ 8
=
16 R e e

12f (¢) (f) (g) (b)

Time t
o

16 1218 1 6 1218 1 6 12 18 1 6 12 18
Space i (A) Space i (A) Spacei (A) Space i (A)

FIG. S2. Exemplary ancilla measurement outcomes from the ibm kingston. (a-d) Ancilla measurement outcomes
ki(t) for the classical deterministic Floquet-East model with w = 7/2 and v = /2. (e-h) Same as in panel (a-d), but for the
monitored quantum dynamics with w = 7/4 and v = 1.0. Note that the initial state for all panels is the same as in Fig. 2. For
panels (a-d), this allows for a direct comparison to the ideal dynamics in Fig. 2(b). For panels (e-h), the initial state is also the
same, but each trajectory is nevertheless expected to be different.

As set out in the main manuscript, the central objects in this work are quantum trajectories that we obtain by
the ancilla measurement records n = [k;(t)]; recorded on the ibm kingston quantum processor. First, mid-circuit
measurement capabilities and high repetition rates on this device make it possible to access these objects in large
quantities [see Fig. S2 for a few examples]. Furthermore, they are free of postselection overheads and allow for an
unambiguous definition of activity in terms of the cumulative number of ‘1’ measurement outcomes in a given space-
time region. Considering this quantity over the whole extent of a quantum trajectory 7, the time-integrated activity
yields

Aprlnl = Z ki(t) (54)
it}

where ¢ runs over the index of the L/2 ancilla qubits and ¢ over the time steps of the dynamics. Note that we include
the system size L and the total number of time steps T in the notation to emphasize that it generally depends on
both of these quantities. Crucially, employing the thermodynamic analogy between trajectories and microcanonical
configurations [67], we define the dynamical partition function

Zro(s) =Y mple Ao, (S5)
{n}

where 7[n] is the probability of a measurement record n and s is a counting field that biases the trajectories according
to their activity. Being described by the large deviation form Zp r(s) = e%‘gL:T(S), a dynamical phase transition
is encoded in the scaled cumulant-generating function 6, r(s) developing non-analytic behavior as one approaches
the thermodynamic limit L,7 — oco. As discussed in Ref. [53], where every system qubit is monitored, the scaled
cumulant-generating function in the thermodynamic limit of 8(s) = limz, r—,o 01,7 (s) exhibits a discontinuity in the
first derivative at s = 0. This marks a first-order phase transition in the trajectory space and allows for dynamical
phase coexistence of the active and inactive phases in individual trajectories.

Despite considering monitoring to be implemented only at every second qubit, we expect that the monitored
quantum dynamics under perfect kinetic constraints exhibits a similar dynamical first-order phase transition at s = 0
in the thermodynamic limit. This is because we observe the combination of a finite average density of ‘1’ measurement



outcomes, i.e., =07 7(0) = 2(Arr[nl), /LT = (sin?4)/2 for all L and T due to the fully mixed state and the Kraus
operators in Eq. (2), and the occurrence of the area- to perimeter-scaling crossover with vanishing «., in the statistics
of inactive clusters [cf. the theoretical surface tension metrics for paip, = 0 in Fig. 3(b,d)]. In this case, with large
inactive clusters that scale with the perimeter rather than the area, their contribution eventually dominates the
dynamical partition function in Eq. (S5) and enforces (s > 0) = 0. Yet, with the finite average activity dictating a
finite slope of 6(s) at s = 0, this then leads to the above-mentioned discontinuity in the first derivative of 6(s).

B. Statistics of inactive clusters

With this background, we now discuss the statistics of inactive clusters in more detail. Upon deriving the analytical
expression for the probability of an inactive cluster at the classical deterministic point in the next section, we provide
a more detailed discussion of the evaluation with regard to the results presented in Fig. 3 of the main text.

1. Probability of inactive clusters at the classical deterministic point

Following the ideas established in Ref. [38], we now derive the analytical expression for the probability of an inactive
cluster at the classical deterministic point, i.e., for w = 7/2 and v = 7 /2. In particular, we show that the probability
of an inactive cluster of size £ x 7 is given by

2747 ifr<2
det __ ’
Pexr = {2_2“_1)_7—’ if 7 > 92 (SG)

where we can further extract the surface tension coefficients

adet — log2, & gt — 0, %f7<2. (S7)
0, log2, ifrt>2

The direct importance of this result is that it shows that the crossover from area- to perimeter-scaling occurs at 7 = 2
for the classical deterministic Floquet-East model.

For the sake of completeness, we note that for finite L, the probability of an inactive cluster saturates at 277,
which corresponds to the dynamically decoupled state |O>®L. However, the suppression with system size renders this
contribution negligible for the system sizes considered in this work, and we therefore neglect it in the following.

As a starting point for the calculations, we recall that the classical deterministic Floquet-East model is defined
by the parameters w = 7/2 and v = /2. Here, the dynamics of an initial state in the computational basis is
deterministically described in terms of the controlled-NOT gate, which we represent as follows

Uj—1,j — +—[:] = CNOTj,l,j . (SS)

Furthermore, we introduce the following symbols to describe the monitoring. In particular, it extracts the local
excitation number at the corresponding site according to

Ki,O — ¢ = |0><0‘ )

S9
K1 —4¢=1)1]. (59)

To then calculate the probability of an inactive cluster, it is convenient to consider the folded space, i.e., the space of
the density matrix, which allows us to represent the dynamics in a diagram as shown in Fig. S3(a) [38, 53]. Introducing
the symbols for the local fully mixed state 1/2 = L and the partial trace of a qubit Tr{-} = T, the probability of an
inactive cluster is the value of the contracted diagram for a given spatial and temporal extension of ¢ and 7. Note
that this represents the trace over the time-evolved stationary state under dynamics that are either conditioned to
output zero (cf. ), if inside the ¢ x 7-sized inactive cluster, or unconditioned (cf. ¢) otherwise. For the classical
deterministic Floquet-East model, this calculation can be done analytically by applying the following diagrammatic
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FIG. S3. Probability of inactive clusters at the classical deterministic point. (a) Exemplary diagrammatic repre-
sentation of the probability pi<t of finding an ¢ x 7 = 3 x 3-sized inactive cluster in the ancilla measurement record for the
classical deterministic Floquet-East model. The red dashed rectangle indicates the ¢ x T-sized inactive cluster, where all ancilla
outcomes are conditioned to output zero. (b-d) Contraction of the diagram in panel (a) for 7 = 1,2,3. Note that we have not
absorbed unconditioned ancilla outcomes into the trace, as a guide to the eye.

relations:

11
T
(IT) = l “ (ITy) N—§ = l i (S10)

(I,) $=1/2 , {) [ =1.

In particular, these relations can be understood as follows: (I,) and (I},) state that the evolution under controlled-NOT
gate and the projective measurement are unital, i.e., they map the fully mixed state to itself. Similarly, due to trace
preservation, we also have the relations (I.) and (I4), which can be used to contract the diagram from top to bottom.
Furthermore, (II,) states that zeros on the control qubit of a controlled-NOT gate factorize the dynamics without
affecting the state before the gate, while (II,,) states that zeros on the target qubit before and after the controlled-
NOT gate require that the control qubit is also in state zero. This is a direct consequence of the strict facilitation
condition encoded in the controlled-NOT gate. Finally, the relations (III,) and (III},) describe the contraction of the
diagram, which amounts to taking the trace over the time-evolved stationary state, which then counts the fraction of
the remaining states.

With this toolbox of diagrammatic relations in Eq. (S10), we can now contract the diagram in Fig. S3(a) for arbitrary
¢ and 7. For 7 = 1, we immediately notice that the first unitary layer of controlled-NOT gates can be contracted using
(I.). This amounts to Fig. S3(b) and hence [using the relations (II,) and (II,)], we obtain pd¢ = 2~¢. Continuing
to 7 = 2, we first use (III,) to disconnect the cluster from everything to its right, after which we can simplify the
diagram wherever there are no projections to |0). Hence, using (III;,) on every site that is on the left of a system
qubit that is projected to zero forces all 2¢ — 1 qubits within the red dashed rectangle and the first qubit to its left to
zero. This yields the diagram in Fig. S3(c) and correspondingly p?i% = 272¢_ Given that now all qubits within the
red dashed rectangle and one qubit to its left in Fig. S3(c) are projected to zero, 7 = 3 requires that also the second
qubit to the left is projected to zero, which yields the diagram in Fig. S3(d) and hence p}?% = 2721 Tterating
this procedure while using (III,) [and potentially (I.4) for intermediate contractions] then increases the number of
conditioned system qubits to the left of the cluster by one for every further time step. Hence, we find that for 7 > 2,

the probability of an inactive cluster is given by p?‘;tT = 272(6=1)=7 a5 described in Eq. (S6).

2. Details on the evaluation of inactive clusters from quantum trajectories

Next, we turn to the evaluation of the dynamical free energy Fyyx. = —log psx, of inactive clusters from the ancilla
measurement records 1 = [k;(t)];; obtained on the ibm kingston quantum processor.

Generally, we evaluate the probability of an inactive cluster of size £ X 7 by counting the number of occurrences of
¢ x 7-sized clusters in the ancilla measurement records 1 = [k;(t)];+ and dividing it by the total number of possible
clusters of size £ x T in the trajectories. In particular, this amounts to a space-time average over the entire trajectory,
i.e., over all L/2 ancilla measurement outcomes with periodic boundaries and all 40 simulated discrete time steps.
By comparing the results obtained from the full range of simulated time steps to the results obtained from only the
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FIG. S4. Influence of space-time average in the statistics of inactive clusters in space-time. (a) Dynamical free
energy Fyx- of inactive space-time clusters of size £ x 7 for the classical deterministic point (w = 7/2 and v = 7/2). As in
Fig. 3(a), we compare results obtained from 200 000 quantum trajectories with 40 time steps (markers with error bars indicating
twice the standard error of the mean, colors indicate ¢ = 2,4, 6,8, respectively) with theoretical calculations (solid lines and
shaded area). In addition, we show results obtained from the same number of quantum trajectories but only using the first 7
time steps for the evaluation of Fy . (gray stars). Panel (b) shows the same analysis for the monitored quantum dynamics at
w =m7/4 and v = 1.0.

first 7 time steps in Fig. S4, we can show that this space-time average does not notably influence the results for the
probability of inactive clusters. In fact, this observation demonstrates that the inactive clusters are a stable feature of
the dynamics and that the space-time average can be employed to reduce the statistical error in the empirical analysis
of the quantum trajectories.
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FIG. S5. Surface tension metrics. (a-e) Temporal surface tension A, Fyyx, = Fyy(r41) — Fex+ as a function of £ for different
values of 7 for the classical deterministic Floquet-East model at w = 7/2 and v = 7/2. We compare the results obtained from
the trajectories on the ibm kingston quantum processor (markers with error bars indicating twice the standard error of the
mean) to the extracted linear fit (dashed lines) that allows us to extract the surface tension metrics o> and 3 according to
Eq. (3). Note that only the opaque markers are used for the linear fit, while the semi-transparent markers are shown as a guide
to the eye. Panels (f-j) show the same analysis for the monitored quantum dynamics at w = w/4 and v = 1.0.

Using the dynamical free energy obtained by the approach that we outline above, we can also calculate the temporal
surface tension A;Fyyr = Fyy(r41) — Foxr [cf. Eq. (3)]. Upon determining the surface tension metrics shown in
Fig. 3(b,d), we also illustrate this approach for chosen temporal extensions in Fig. S5. Here, we observe that the
ansatz in Eq. (3) is well justified for the gathered statistics, wherever statistical errors are sufficiently small to allow
for this assessment. Note further that the slope of the linear fit in Fig. S5 corresponds exactly to «., describing
the area-scaling contribution to the dynamical free energy, while the intercept with the y-axis corresponds to 3,
as the perimeter-scaling contribution to the dynamical free energy of inactive clusters. To increase the readability
in Fig. 3(b,d), we show the extracted surface tension metrics «; and G, in arbitrary units, which we determine by
dividing the extracted values by (—log(1 — (sin®~)/2)). This can be understood from the fact that this value is
precisely the expected value of o for random and uncorrelated measurement outcomes, which have the same average



density, i.e., (sin2 v)/2, of ‘1’ measurement outcomes as the monitored quantum dynamics at this parameter set.

Considering Fig. S5, we also motivate the choice of intermediate values of ¢ and 7 for the evaluation of the surface
tension metrics o, and S, in Fig. 3(b,d). In particular, the spatial extension of the inactive cluster within the
evaluation window of ¢ € {2,...,5} is large enough to allow for collective effects to modify the scaling of dynamical
free energy as the temporal extension increases. However, it is also small enough to enable sufficient precision in
determining the value A, Fyy . before extracting c., and 3, from the fit.

8. Details on tensor network simulations

Finally, we discuss the tensor network simulations that we use for comparison in Fig. 3. The calculation again
entails contracting the diagram in Fig. S3(a) for generic values of w and 5. In particular, we follow the approach
outlined in Ref. [53], where we encode the fully mixed state as a matrix product operator before time-evolving it using
the time-evolving block decimation (TEBD) algorithm according to the above-mentioned description. Additionally,
we can concatenate the dynamics of a discrete time step with the bit-flip channel in Eq. (S2) to model the noise of
the quantum device if desired. The accuracy of the simulation is controlled by the maximally allowed bond dimension
x. For xy = 64, we found good convergence for all results shown in Fig. 3.
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