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Rejuvenation and memory effects in active glasses induced by thermal and active cycling
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It has recently been shown that thermal active glasses can display physical aging behavior comparable to
that of passive glasses, although there are some notable distinctions due to the intrinsic nonequilibrium nature of
active matter. The question whether active disordered materials can also exhibit rejuvenation and memory effects,
akin to the phenomenology of, e.g., spin glasses, has thus far remained unexplored. Here we address this question
by numerical simulations of active glasses composed of active Brownian particles that are subjected to a thermal
or active cycling protocol. We find that an active system undergoing thermal cycling indeed shows rejuvenation
and memory effects, with the strength of rejuvenation depending on the persistence time. In contrast, however,
a passive Brownian system subjected to the same thermal cycle lacks the rejuvenation effect. We attribute this
to the enhanced motility of active particles, which enables them to escape from their cages and restart aging
at the new temperature, thus rejuvenating the material. Finally, we also demonstrate that both rejuvenation and
memory effects can be induced by an activity cycle which quenches the material from an active to passive glass
and back, providing a unique means to rejuvenate active matter.
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I. INTRODUCTION

The dynamics of many densely disordered systems, i.e.,
glassy materials, is characterized by an extremely slow struc-
tural relaxation that is often explicitly dependent on the age of
the material. This age (or waiting time) dependence is called
physical aging and is particularly well studied for glasses
following a sudden quench toward a lower temperature [1–4].
After such a temperature quench, the structural relaxation time
tends to increase with the age of the material, typically as
a power law [5–15]. Theoretically, this aging behavior can
be understood as a gradual approach of the material toward
lower-energy equilibrium states [3,7,16]. While a single ther-
mal quench is one of the most popular protocols to study the
aging behavior of glassy systems, other protocols, such as
thermal cycling involving repeated temperature changes, may
lead to even richer dynamical behaviors and offer more versa-
tility to characterize a material’s out-of-equilibrium dynamics.

For spin glasses, the effect of thermal cycling has been
studied theoretically, experimentally, and in numerical simu-
lations, disclosing new insights into their dynamical behavior
[17–34]. As shown in Fig. 1, the protocol consists of three
steps: firstly, a high-temperature liquid is cooled to Tq1 < Tg

(where Tg is the glass transition temperature); after a certain
interval, the temperature is quenched once more to a lower
temperature Tq2 < Tq1 ; and finally, the temperature is reheated
to Tq1 [27,35,36]. During the first step, the system under-
goes aging. In the subsequent step, instead of the relaxation
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process slowing down further, the aging process restarts at
the new temperature Tq2 . This phenomenon is referred to as
“rejuvenation” [27,35]. More explicitly, the relaxation at Tq2

will be identical to that obtained from a direct quench at
this temperature if the temperature jump �T = |Tq1 − Tq2 |
is sufficiently large [22,25,30,33,37], thus implying that an
old glass behaves dynamically as a young glass at a lower
temperature. Hence, in this case the old glass has been “re-
juvenated” [27,34–36]. We note that rejuvenation can be also
studied using positive temperature shifts involving a heating
of the system to temperatures higher than Tq1 [38], but here
we follow the definition of Refs. [34–36]. In the third step of
the thermal cycling protocol, when the temperature is brought
back to Tq1 , the system exhibits full memory if the relaxation
restarts exactly from the point reached before the second
step (i.e., such that the time-dependent relaxation dynamics
effectively picks up from where it ended after the first step).
However, achieving full memory requires a sufficiently large
temperature difference, denoted as �T . If �T is not large
enough, the behavior observed in the third step will be influ-
enced by the aging that occurred at Tq2 [35,39].

Several studies have explored whether rejuvenation and
memory, as observed in spin glasses, can also occur in struc-
tural glasses. Recent computer simulations of a continuously
polydisperse model glass former have shown that tempera-
ture cycling indeed leads to rejuvenation and memory effects,
provided that both the duration of each step in the cycle and
the temperature jumps between the steps are sufficiently large
[36]. Similarly, in numerical simulations of binary Lennard-
Jones mixtures, it was found that oscillatory temperature
variations may induce rejuvenation, depending on the cool-
ing rate and cycling amplitude [40,41]. Numerous studies
have also explored emergent nonequilibrium phenomena in
metallic glasses exposed to oscillatory temperature varia-
tions [42–44]. Most notably, subjecting metallic glasses to
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cryogenic thermal cycling can induce rejuvenation and im-
prove the plasticity of the material [45–47].

The study of glassy phenomena has recently seen a re-
newed surge of interest through the advent of active matter,
i.e., nonequilibrium systems composed of self-propelling
particles. Both theory and simulations [48–60], as well as
experiments [61–71], have shown that dense active matter
shares many similarities with conventional glassy systems,
including anomalously slow dynamics and aging. It is impor-
tant to note, however, that the conventional understanding of
physical aging in passive glasses, where the material tends
to reach equilibrium through energy minimization, does not
hold for active glasses. This is because active systems are
non-Hamiltonian systems, inherently far from equilibrium,
making it unclear a priori how these systems will undergo
aging. Thus far the physical aging behavior of active systems
has been explored in a small number of simulation studies for
thermal [72] and athermal active glasses [73,74] using a single
temperature quench, a change in density, or a single activity
quench, respectively. Notably, for active thermal glasses, the
aging relaxation dynamics was found to be governed by a
time-dependent competition between thermal and active ef-
fects, with the active particles’ persistence time controlling
both the timescale and magnitude of the activity-enhanced
speedup in dynamics [72]. However, it remains unclear how
a protocol such as a thermal cycle would impact the dynam-
ics of an active glass and whether activity itself could be
used to design a new nonequilibrium protocol, such as an
activity cycle.

Here we investigate how cyclic protocols affect the dy-
namics of structural active glasses. We find that, in contrast
to our passive reference sample, active glasses do exhibit
rejuvenation under a simple temperature cycle. Importantly,
the strength of this thermally induced rejuvenation effect
depends on the active particles’ persistence time. We also
observe a clear memory effect that, unlike rejuvenation, is
more easily observed and independent of the persistence time.
Moreover, we introduce a cyclic protocol unique to active
matter in which an active sample is made passive and then
active again. By applying this protocol, we find that the rich
out-of-equilibrium dynamics observed in the temperature cy-
cle protocol becomes even more pronounced in the activity
cycle.

II. METHODS

A. Simulation model

We study a two-dimensional (2D) binary mixture of
thermal active Brownian particles (ABPs). The overdamped
equations of motion for each particle i are given by

γ ṙi =
N∑

i �= j=1

f i j + f ni +
√

2DT η, (1)

θ̇i =
√

2Dr ηθ , (2)

where ri = (xi, yi ), and θi represent the particle’s spatial
and rotational coordinates, respectively. The dots denote a
time derivative. Thermal noise is modeled as an independent
Gaussian stochastic process, η = (ηx, ηy), with zero mean

and variance 2DT δ(t − t ′), where DT = kBT/γ with kB being
the Boltzmann constant, T the temperature, and γ the friction
coefficient. The rotational noise ηθ is a Gaussian stochastic
process with zero mean and variance 2Drδ(t − t ′). The factors
DT and Dr represent the translational and rotational diffusion
constants, respectively, and the ABP persistence time is
defined as τr = D−1

r . The constant self-propulsion speed f /γ
is applied to each ABP along a direction ni = (cos θi, sin θi ).
Note that when the active force f is equal to zero, Eq. (1)
reduces to the equation of motion for a passive Brownian
particle. Finally, f i j = −∇iV (ri j ) is the interaction force
between particles i and j, where ri j = |ri − r j | and V is the
Lennard-Jones potential with a cutoff distance ri j = 2.5σi j

and zero otherwise. In order to prevent crystallization, we use
the parameters of the 2D binary Kob-Andersen mixture [75]:
A = 65%, B = 35%, εAA = 1, εBB = 0.5εAA, εAB = 1.5εAA,
σAA = 1, σBB = 0.88σAA, and σAB = 0.8σAA. We set the
density to ρ = 1.2, the number of particles to N = 10 000,
and DT = γ = 1. Results are in reduced units, where σAA,

εAA, σ 2
AAγ

εAA
, and εAA

kB
are the units of length, energy, time,

and temperature, respectively. Simulations were performed
using LAMMPS [76] by solving Eqs. (1) and (2) via the
Euler-Maruyama method with a step size δt = 10−4.

B. Protocols

To induce possible rejuvenation and memory effects, we
expose our system to two different protocols: thermal and
active cycling. The thermal cycling protocol is applied to
both an active system ( f = 0.5 and τr = 1, 10) and a passive
system ( f = 0) for comparison. In both cases we prepare 1000
independent configurations, which we first allow to equili-
brate at a high temperature Ti = 1. We note that this relatively
large number of independent trajectories is needed to ensure
sufficient statistical quality of the results. Once the equilibra-
tion process is completed, we quench the temperature below
the glass transition temperature to Tq1 = 0.25 < Tg, where Tg

is approximately 0.4 or 0.3 for a passive and active system,
respectively [72,77,78]. The system is then allowed to evolve
at Tq1 for a duration of t1. This initial aging step is followed
by another quench to Tq2 = 0.1 < Tq2 , after which the sys-
tem is allowed to evolve for a time t2. Finally, we increase
the temperature back to Tq1 and allow the system to evolve
for a duration of t3. After some testing, we have found that
t1 = t2 = t3 = 500 or 1000 provides a reasonable time frame
to probe possible rejuvenation and memory effects. The left
axis of Fig. 1 illustrates the temperature cycle protocol used
in our simulations.

For the activity cycling protocol, we control the active
system’s behavior by quenching the persistence time τr . To
achieve this, we prepare 1000 independent configurations at a
temperature of T = 0.1 or 0.25 and an active force of f = 0.5.
We then equilibrate the system at a high persistence time of
τri = 100 before quenching the persistence time to τr1 = 10.
We subsequently allow the system to evolve for a time interval
t1. After this initial aging step, we quench the persistence time
once again to τr2 = 0 to obtain a passive system. The system
then evolves for a time t2. Finally, we change the persistence
time back to τr1 = 10, and we let the system evolve for a
time interval of t3 (right axis of Fig. 1). In all cases we
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FIG. 1. Cyclic protocols used in this work to induce aging, reju-
venation, and memory in active systems. The left axis represents a
thermal cycle, and the right axis shows an activity cycle.

use t1 = t2 = t3 = 500. We note that as an alternative active
cycling protocol, one could also quench the self-propulsion
force f . We have verified that by using the self-propulsion
force as the control parameter instead of the persistence time,
similar results are found (see Appendix).

To probe possible rejuvenation and memory effects, we
analyze the mean-squared displacement 〈δr2(tw, t + tw )〉 as a
function of time t . The time t ranges from 0 to the duration of
the protocol’s steps, which is either 500 or 1000. The waiting
time tw is defined as the time elapsed after the start of the
respective protocol. Explicitly, in the first step or in a direct
quench, tw represents the time spent at the first quenching
temperature Tq1 or the quenched persistence time τr1 . In the
second and third steps of the protocol, tw is defined as t1 + t̂w
and t1 + t2 + t̂w, respectively. Here, 0 � t̂w < 1000 when the
duration of each step is 1000, or 0 � t̂w < 500 when the
duration of each step is 500.

III. RESULTS AND DISCUSSION

A. Rejuvenation by thermal cycling: Active versus passive

We first discuss the results of thermal cycling applied to
either an active or passive thermal system. The initial step of
our thermal cycling protocol (step 1 in Fig. 1) corresponds to
a temperature quench from high (Ti = 1) to low temperature
(Tq1 = 0.25), which induces simple aging. As expected, dur-
ing this aging step, the relaxation dynamics slows down with
increasing waiting time tw. Specifically, both the active and
passive systems exhibit a power-law scaling of the structural
relaxation time with respect to the waiting time, τα ∼ t−δ

w ,
where the exponent δ is different for active and passive sys-
tems. These aging results are in full agreement with literature,
both for the passive and active case [5,72,74].

The second step of the protocol (step 2 in Fig. 1) cor-
responds to a quench from Tq1 = 0.25 to Tq2 = 0.1, which
may induce rejuvenation. Previous studies of passive systems
[27,36] have shown that the rejuvenation effect is affected
by both the temperature difference between the first and
the second step �T = |Tq1 − Tq2 | and the duration of each
step of the process. If t1 is not long enough, an additional
aging contribution may be observed. Testing the protocol with

FIG. 2. Mean-squared displacements as a function of time for
an active thermal system with a relatively small persistence time of
τr = 1, subjected to a thermal cycle. Panels (a) and (b) correspond
to the second and third step of the thermal cycling protocol to probe
rejuvenation and memory effects, respectively. In both panels solid
lines correspond to different waiting times tw (with t1 = t2 = 1000).
The dashed curve in panel (a) corresponds to a direct quench to Tq2 ,
i.e., without the first aging step, at tw = 800; the dashed curve in
panel (b) corresponds to the end of the first step, tw = 1000.

t1 = t2 = 500, we have found no evidence of rejuvenation in
either the passive or active system (see Appendix). Indeed,
during the second step of the process, with Tq2 = 0.1, the
mean-squared displacement does not evolve as the system
ages. This behavior could be due to a too-short time duration
or a too-small �T . To investigate which of these parameters
is responsible for this behavior, we repeat the protocol with
t1 = t2 = 1000.

As shown in the Appendix, in the passive case, even with a
longer duration of each step (t1 = 1000), the system remains
frozen at the new temperature Tq2 = 0.1, and the rejuvenation
effect is not observed. Different waiting times t̂w exhibit the
same dynamical behavior, indicating that the aging dynamics
is slowed down by this additional temperature quench [41].
These results are in agreement with existing literature show-
ing that structural glasses display rejuvenation only when the
duration of the first step is substantial (t1 = 1.2 × 106 or ∞
in Ref. [36]) and there is a considerable temperature jump
between the steps. For spin glasses, especially in three di-
mensions, rejuvenation is also notoriously difficult to observe
in simulations and typically requires an exceptionally large
temperature jump [34]. Hence, in our case we believe the
absence of rejuvenation in the passive glass may be attributed
to either a time duration t1 that is still too short or a �T that
is not sufficiently large. However, decreasing the temperature
Tq2 or further increasing t1 is computationally expensive as the
dynamics become noisier, and obtaining reliable results would
require even more than 1000 independent configurations.

Conversely, for the active system, we do observe a reju-
venation effect under the same thermal cycling protocol. To
see this, let us first consider an active system with a rela-
tively small persistence time of τr = 1. In Fig. 2(a) we plot
the mean-squared displacements for this active system during
the second step of the cycle for waiting times tw = t1 + t̂w,
with t1 = 1000 and t̂w = 100, 500. For comparison we also
show the dynamics following a direct quench to the same
temperature, Tq = Tq2 = 0.1. Notably, we observe that the
mean-squared displacement at tw = t1 + 500 overlaps almost
perfectly with that of a directly quenched sample at tw = 800.
This is the hallmark of rejuvenation: even though the system
during the second step of the cycle is older (age tw = 1500), it
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FIG. 3. Mean-squared displacements as a function of time for an
active thermal system with a relatively large persistence time of τr =
10, subjected to a thermal cycle. Panels (a) and (b) correspond to
the second and third step of the thermal cycling protocol to probe
rejuvenation and memory effects, respectively. In both panels, solid
lines correspond to different waiting times tw (with t1 = t2 = 1000).
The dashed curve in panel (a) corresponds to a direct quench to Tq2 ,
i.e., without the first aging step, at tw = 100; the dashed curve in
panel (b) corresponds to the end of the first step, tw = 1000.

behaves effectively as a younger system (age tw = 800) that
was quenched to the same temperature. Since the behavior
obtained from a thermal cycle at waiting time t1 + t̂w is equiv-
alent to a direct quench at waiting time tw, this implies that the
effective age of the system during the second step is t e f f

w = tw.
Consequently, in this case the effective waiting time can be
expressed as t e f f

w = t̂w + t ag, where t ag is nonzero but smaller
than t1 (in this case t e f f

w = 800 and t ag = 300). Note that the
limiting case of t ag = 0 would indicate perfect rejuvenation,
i.e., as if the first aging step never happened.

To further investigate the rejuvenation effect in active
systems, we consider a larger persistence time of τr = 10.
Figure 3(a) shows the corresponding mean-squared displace-
ments at a waiting time tw = t1 + 10 during the second step
of the cycle and at a waiting time tw = 100 following a direct
quench to the same temperature Tq2 . When comparing the
two curves, we find that the short-time behavior of the mean-
squared displacements at tw = t1 + 10 and tw = 100 differs,
in particular, the system in the second step is initially faster
than a direct quench. Consequently, the short-time dynamics
is still influenced by the first step of the protocol. However,
the long-time behaviors of the mean-squared displacements
at tw = t1 + 10 and tw = 100 overlap. Therefore, we can con-
clude that increasing the persistence time in active systems
leads to a “stronger” rejuvenation effect. In this case the extra
aging contribution t ag remains present but is smaller compared
to that observed for the system with the smaller persistence
time of τr = 1. As a result, the system with τr = 10 is effec-
tively younger than the system with τr = 1.

Overall, our results of the second step show that an active
glassy system exhibits rejuvenation under thermal cycling,
while its passive counterpart exposed to the same protocol
does not. However, it must be noted that the rejuvenation
process is “weak” in the sense that the material is still ef-
fectively older than a system subjected to a direct quench. In
other words, the effect of the first aging step is still noticeable
in the dynamics. We hypothesize that the active rejuvena-
tion effect is due to the ability of self-propelling particles
to escape their cages relatively easily, thus allowing them to
effectively restart aging at the new temperature. To rationalize
the importance of the persistence time on the rejuvenation

dynamics, we note that the dynamics of a thermal active
glass is governed by both thermal and active effects. On
sufficiently long timescales, however, it is known that the
activity becomes dominant [72] and hence systems with larger
persistence times exhibit stronger rejuvenation effects.

B. Memory by thermal cycling: Active versus passive

Let us now look at the emergence of memory effects due
to a temperature cycle. Such memory effects can occur in the
final step of the thermal cycling protocol (step 3 in Fig. 1), in
which the temperature is raised from Tq2 = 0.1 to Tq1 = 0.25.
Figures 2(b) and 3(b) show the mean-squared displacements
for two active systems with τr = 1 and 10, respectively, at
tw = t1 + t2 + 10 (third step of the cycle) and tw = 1000 (at
the end of the first step). In both cases the results reveal that
the system recovers the same behavior observed at the end
of the first step after a waiting time t̂w = 10. Thus, for the
waiting time tmem

w = t1 + t2 + t∗, the system retains a memory
of the time spent at Tq1 . However, due to the relatively small
value of t∗ = 10 (for both τr = 1 and 10), the memory is not
perfect, and this is the only consequence of the time spent at
Tq2 . This behavior is consistent with previous results obtained
in (passive) spin glasses [35,39], where it was shown that the
time needed to remember the time spent at Tq1 is much shorter
compared to the time spent at Tq2 , and hence, after a very brief
transient, the dynamics continues as if the second step has
never occurred. Moreover, our results indicate that, unlike the
rejuvenation effect, the memory effect is independent of the
persistence time. In order to achieve full memory, i.e., t∗ = 0,
we hypothesize that the temperature jump �T should be in-
creased, as it has been shown in spin glasses that increasing
�T leads to a decrease in t∗ [35,39].

As shown in the Appendix, the memory effect can also
be observed in passive systems, even when rejuvenation is
absent. During the first step the dynamics is frozen at Tq2 ,
but shortly after the temperature is raised back to Tq1 , the
passive system remembers its behavior during the first step.
In a similar manner to the active case, the memory effect
in passive systems also exhibits a small t∗, which represents
the only consequence of the second step of the cycling. This
suggests that, unlike rejuvenation, the memory effect is easier
to observe in these systems. The presence of memory effects
in these systems, even without rejuvenation, is consistent with
the findings in the existing literature, where memory repre-
sents a common phenomenon observed in various systems.
Such systems include materials experiencing cyclic deforma-
tion and biologically relevant systems like blood flow and
growing tissue monolayers [79].

C. Rejuvenation and memory by active
cycling: From active to passive

We now consider the activity cycling protocol that, in
contrast to thermal cycling, can only be applied to active
systems. Here it is instructive to note that the cyclic change of
the ABP persistence time τr also corresponds to an effective
temperature cycle [80]. Hence, this protocol offers not only
a means to generate novel dynamics in active systems, but it
also allows us to induce effectively large temperature jumps
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FIG. 4. Mean-squared displacements as a function of time for an
active thermal system (T = 0.25, f = 0.5) subjected to an activity
cycle. Panels (a) and (b) correspond to the second and third step
of the active cycling protocol to probe rejuvenation and memory
effects, respectively. In both panels, solid lines correspond to dif-
ferent waiting times tw (with t1 = t2 = 500). The dashed curve in
panel (a) corresponds to a direct quench to a passive system at
tw = 600; the dashed curve in panel (b) represents the mean-squared
displacement before the end of the first step tw = 400.

between steps via τr (while keeping T fixed). The latter aspect
is particularly useful to induce rejuvenation on reasonable
simulation timescales, as rejuvenation demands a large tem-
perature difference between steps or long step durations (see
Sec. III A).

During the first step of the activity cycle, we again ob-
serve simple aging, similar to the thermal cycling scenario.
Figure 4(a) illustrates the mean-squared displacement in the
second step of the activity cycling (i.e., where the persistence
time is quenched to τr2 = 0) at a fixed temperature of T =
0.25. Unlike thermal cycling, where the dynamics is frozen at
t1 = 500, in activity cycling the dynamics evolves for different
t̂w. Notably, the aging restarts, and at a waiting time of ap-
proximately tw = t1 + 100, the system recovers the behavior
observed after a direct quench at τr2 = 0. The behavior in the
second step overlaps with the one found with a direct quench
for tw = 600, thus indicating a rejuvenation effect. Here, since
t1 = 500 and t̂w = 100, we can conclude that applying a direct
quench or an activity cycling is equivalent, but the first step of
the cycling has an impact on the second step because t ag = t1.
We have verified that the same rejuvenation behavior can be
found when using the self-propulsion force as the control
parameter instead of the persistence time (see Appendix).
This indicates that this behavior is protocol independent, and
quenching the self-propulsion force or the persistence time
leads to the same dynamical behavior.

To understand if temperature plays a role in this weak
rejuvenation effect, we repeat the activity cycling at a lower
temperature of T = 0.1. Figure 5(a) shows the behavior of the
system during the second step of the activity cycling at this
lower temperature. We find that the behavior of the system at
the second step at tw = t1 + 100 overlaps with that observed
from a direct quench at tw = 800. This indicates that the
consequence of the first step of the cycle makes the system
slightly older compared to a direct quench. This phenomenon
is strongly reminiscent of so-called overaging in systems un-
der shear [81,82], and here we also refer to systems that appear
older than their simple-aging equivalent as being overaged.
We can attribute the overaging effect to the fact that t1 is
not long enough. Comparing this activity cycling to thermal
cycling, we observe that the short duration of the first step

FIG. 5. Mean-squared displacements as a function of time for an
active thermal system (T = 0.1, f = 0.5) subjected to an activity
cycle. Panels (a) and (b) correspond to the second and third step
of the active cycling protocol to probe rejuvenation and memory
effects, respectively. In both panels, solid lines correspond to dif-
ferent waiting times tw (with t1 = t2 = 500). The dashed curve in
panel (a) corresponds to a direct quench to a passive system at
tw = 800; the dashed curve in panel (b) represents the mean-squared
displacement before the end of the first step tw = 400.

leads to overaging and freezing of the dynamics, respectively.
In conclusion, the observation of nonequilibrium phenomena
such as rejuvenation becomes more accessible when activity
cycling is applied. This is attributed to the significantly larger
effective temperature jump compared to a purely passive sys-
tem undergoing thermal cycling.

Finally, as shown in Figs. 4(b) and 5(b), in the third step,
when the persistence time is raised again to τr1 = 10, the sys-
tem quickly recovers the same behavior found at the end of the
first step. Consequently, the system has a memory of the first
step as if the second step did not happen. In agreement with
the thermal cycle, the system needs a time t∗ to “remember”
the time spent at τr1 . The presence of this t∗ can be due to
the fact that the duration of each step of the cycle is not long
enough. Therefore we conclude that when applying an active
cycle, we observe memory effects. We have also verified that
this memory effect is present when the control parameter of
the activity cycle is the self-propulsion force (see Appendix).
In contrast to the rejuvenation effect, the memory effect found
within the activity cycle is consistent with that observed when
thermal cycling is applied.

IV. CONCLUSIONS

In summary, our work reveals that the nonequilibrium dy-
namic behaviors caused by a temperature cycle in an active
thermal system are significantly different from those in a
passive system. Specifically, an active system subjected to a
temperature cycle exhibits rejuvenation and memory effects,
whereas in the passive case, the system gets frozen at the
new temperature and the rejuvenation effect is absent [41].
Nevertheless, even in the absence of rejuvenation in the pas-
sive case, a memory effect similar to that observed in the
active system can still be found. Additionally, we find that
the rejuvenation effect becomes stronger as the persistence
time increases, whereas the memory effect is independent of
this parameter. We can rationalize the enhanced rejuvenation
of more persistent active particles by considering that the
long-time behavior of active thermal glasses is dominated by
activity rather than thermal motion [72]. Hence, a more active
system with a larger persistence time will more easily restart
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the aging process after a sudden temperature change, leading
to a “stronger” rejuvenation effect.

We find that rejuvenation and memory effects in active
matter can also be induced by a nonequilibrium protocol
unique to active systems, namely, via an activity cycle. In
particular, the application of an activity cycle from an ac-
tive to a passive system enables access to higher temperature
jumps without increasing the noise, leading to rejuvenation.
Depending on the temperature of the system, we can observe
either rejuvenation or overaging, with the latter occurring at
lower temperatures. To mitigate the overaging effect at low
temperatures, it is necessary to increase the duration of the
first step of the protocol. Overall, our findings suggest that
activity cycling offers richer nonequilibrium dynamics in the
second step of the cycle compared to thermal cycling, when
the duration of the first step is short. Moreover, even with this
protocol, the memory of the first step of the cycle is quickly
recovered when the system becomes active again. Our results
also demonstrate that similar outcomes can be achieved by
employing the self-propulsion force as the control parame-
ter in the activity cycle. Moreover, these findings align with
prior research indicating that different protocols yield compa-
rable dynamics. This similarity is reminiscent of quenching
protocols employed to study simple aging, where an activ-
ity quench generates analogous outcomes to a temperature
quench [72,74].

Our study provides insights into the rich nonequilibrium
dynamics of active glasses and emphasizes the significance
of exploring the interplay between temperature and activ-
ity. Furthermore, our results show that although the nature
of an active system differs from that of spin glasses, the
out-of-equilibrium dynamics observed during a temperature
cycle exhibit remarkable similarities. The rejuvenation and
memory effects observed in spin glasses have been attributed
to the slow increase of a characteristic length following a
temperature quench [17–19], or explained using a hierarchi-
cal energy-landscape picture [20,21,83–85]. However, since
active systems are non-Hamiltonian and are not governed
by energy minimization, understanding the presence of reju-
venation and memory effects in these systems will require
a different theoretical framework. Finally, given that dense
active matter is becoming increasingly relevant in the context
of biology, it will be interesting to explore in future work how
physical aging, rejuvenation, and memory are manifested in
biological glassy systems such as confluent cell layers, tissues,
and solid tumors [59,67,70,86–89].
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APPENDIX

1. Thermal Cycling

In Figs. 6 and 7 we present the mean-squared displace-
ments for a passive system and an active system ( f = 0.5
and τr = 1), respectively, subjected to thermal cycling with

FIG. 6. Mean-squared displacements as a function of time for
a passive system, subjected to a thermal cycle with t1 = t2 = t3 =
500. Panels (a) and (b) correspond to the second and third step
of the thermal cycling protocol to probe rejuvenation and memory
effects, respectively. In both panels, solid lines correspond to dif-
ferent waiting times tw . The dashed curve in panel (b) represents
the mean-squared displacement before the end of the first step, at
tw = 400.

t1 = t2 = t3 = 500. Figures 6(a) and 7(a) show the results of
the second step of the thermal cycling. It can be seen that
different waiting times t̂w yield virtually the same dynamical
behavior, which is a manifestation of the fact that both systems
are frozen at the new temperature Tq2 . Hence, there is no re-
juvenation effect in this case. On the other hand, in Figs. 6(b)
and 7(b) we clearly observe that the memory effect is present
in the third step of the cycle.

Figure 8 shows the mean-squared displacement for a
passive system subjected to thermal cycling with t1 = t2 =
t3 = 1000. In Fig. 8(a) it is evident that even with a longer
time duration for the first step, the passive system does not
rejuvenate; instead, the dynamics remains frozen at the new
temperature. However, in the third step of the cycle, as shown
in Fig. 8(b), after a short transient the system “remembers”
the time spent at Tq1 , as if the second step of the cycle never
occurred.

2. Active Cycling

Here we present the results of an activity cycle in which the
self-propulsion force f is varied while keeping the tempera-
ture and persistence time constant at T = 0.25 and τr = 1,

FIG. 7. Mean-squared displacements as a function of time for
an active system with τr = 1, subjected to a thermal cycle with
t1 = t2 = t3 = 500. Panels (a) and (b) correspond to the second and
third step of the thermal cycling protocol to probe rejuvenation and
memory effects, respectively. In both panels, solid lines correspond
to different waiting times tw . The dashed curve in panel (b) repre-
sents the mean-squared displacement before the end of the first step,
at tw = 400.
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FIG. 8. Mean-squared displacements as a function of time for
a passive system, subjected to a thermal cycle with t1 = t2 = t3 =
1000. Panels (a) and (b) correspond to the second and third step
of the thermal cycling protocol to probe rejuvenation and memory
effects, respectively. In both panels, solid lines correspond to differ-
ent waiting times tw . The dashed curve in panel (a) corresponds to a
direct quench to Tq2 , i.e., without the first aging step, at tw = 800; the
dashed curve in panel (b) corresponds to the end of the first step, at
tw = 1000.

respectively. The activity cycle proceeds as follows: We first
equilibrate the system at an activity of fqi = 5, then quench
the activity to fq1 = 0.5, and allow the system to evolve for
a time interval of t1 = 500. After this period we quench the
activity once again to fq2 = 0, and after a time interval of
t2 = t1, we increase the activity back to fq1 = 0.5.

Figure 9 shows the mean-squared displacement for an ac-
tive system subjected to the above activity cycling protocol

FIG. 9. Mean-squared displacements as a function of time for
an active thermal system (T = 0.25, τr = 1) subjected to an activ-
ity cycle in which the active force f is changed. Panels (a) and
(b) correspond to the second and third step of the active cycling
protocol to probe rejuvenation and memory effects, respectively. In
both panels, solid lines correspond to different waiting times tw (with
t1 = t2 = 500). The dashed curve in panel (a) corresponds to a direct
quench to a passive system at tw = 600; the dashed curve in panel
(b) represents the mean-squared displacement before the end of the
first step, at tw = 400.

with t1 = t2 = t3 = 500. Similar to the results obtained in
the main text when the control parameter is the persistence
time, in the second step of the cycle [Fig. 9(a)], the system
at tw = t1 + 100 recovers the behavior obtained from a direct
quench at tw = 600. This is indicative of rejuvenation. In the
third step of the cycle, as shown in Fig. 9(b), the system
recovers the behavior observed at the end of the first step, thus
exhibiting memory.
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