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Physical ageing is the generic term for irreversible processes in glassy
materials resulting from molecular rearrangements. One formalism for
describing such ageing processes involves the concept of material time,
which may be thought of as time measured on a clock whose rate changes
asthe glass ages. Experimental determination of material time has so far
not beenrealized, however. Here we show how dynamic light-scattering
measurements provide a way forward. We determined the material time for
anageing sample of the glass-former 1-phenyl-1-propanol after temperature
jumps close to the glass transition from the time-autocorrelation function of
theintensity fluctuations probed by multispeckle dynamic light scattering.
These fluctuations are shown to be stationary and reversible when regarded

as afunction of the material time. The glass-forming colloidal synthetic
clay Laponite and a chemically ageing curing epoxy are also shown to
display material-time-reversible scattered-light intensity fluctuations, and
simulations of an ageing binary system monitoring the potential energy
confirm material-time reversibility. Inaddition to demonstrating direct
measurements of the material time, our findings identify a fundamental
property of ageing in quite different contexts that presents a challenge to
the current theories of ageing.

Few persons would claim that time canbe reversed—all living creatures
age and eventually die, adropped glass breaks while the reverse never
happens, mixing cold and warm water leads irreversibly to an inter-
mediate temperature and so on'. On the other hand, the fundamental
equation-of-motion laws of nature are all time reversible: for example,
Newton'’s laws of classical mechanics, the Schrodinger equation of
quantum mechanics, Maxwell’s equations for electromagnetism and
the Einstein equation of gravity and spacetime. The irreversibility of
everyday life is accounted for by the second law of thermodynamics,
which states that the entropy of anisolated system canincrease or stay
constant but never decrease’.

When entropy is constantin time, the systemin questionisin ther-
mal equilibrium. Reflecting the time reversibility of the fundamental
laws, thermal-equilibrium fluctuations are statistically time reversible.

As shown by Onsager in 1931, this reversibility leads to quantitative
relations between coefficients describing small, linear deviations from
equilibrium®*. This paper presents ageing data that go far beyond the
linear-responseregime, but are nevertheless shown to be statistically
reversible when regarded as functions of the so-called material time
that controls ageing according to the classical Tool-Narayanaswamy
(TN) formalism*°. This goes against the conventional wisdom accord-
ing to which ageing is fundamentally irreversible, involving plasticity,
dissipation, entropy production and dynamical heterogeneities with
a correlation length that changes during ageing. Our findings from
light-scattering experiments on three quite different samples, con-
firmed by computer simulations of asimple model system, bring into
question the status of ageing as a prototypical case of non-equilibrium
thermodynamics’.
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Fig.1|Multispeckle DLS. a,b, The sampleisilluminated by alaser beam (a), and
ansCMOS camerais used to detect the speckle pattern (b) of the 90° scattered-
lightintensity. ¢, In each speckle statistically independent temporal intensity
fluctuations are observed. The time-autocorrelation function C(t, t + At) is
obtained as the multispeckle average. d, Data for 1P1P in thermal equilibrium at
195K where C(¢, ¢ + At) is stationary, that is, depends only on At. e, During physical
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ageing following a temperature downjump, C(¢, t + At) changes with ¢ for fixed
At. The evolution starts from the equilibrium time-autocorrelation function
attheinitial temperature 195K (left dashed curve) and ends in equilibrium at
the annealing temperature 193 K (right dashed curve). The different colours
correspond to different t evenly spaced on alogarithmic axis.

Physical ageing

Incontrastto degradationinvolving chemical reactions asin corrosion,
physical ageing involves changes of material properties that are caused
exclusively by molecular rearrangements® . Non-crystalline materials
such as ordinary glass®’, polymers'®>" and metallic glasses''®'* are
allsubject to physical ageing because the glassy state relaxes continu-
ously towards a state of metastable equilibrium®. In the vast majority
of cases this is too slow to be observed, but in certain cases physical
ageing resultsin undesirable property changes. The study of physical
ageing is important for applications of glassy materials, as well as for
optimization of their production. For this reason—and because what
controls therate of physical ageing remains disputed—this old research
field continues to attract attention” >,

The best controlled physical ageing experiments involve a
rapid change of temperature starting from a state of (metastable)
thermal equilibrium, after which the system’s path towards equi-
librium at a fixed ‘annealing’ temperature is monitored by continu-
ously measuring some physical property. The outcome of such a
temperature-jump experiment depends critically on whetherajump
up ordownis considered. Comparing up and down jumps to the same
temperature, the latter are substantially faster and more stretched
intime than up jumps®. Even jumpsinvolving just a1% temperature
change result in quite different relaxations towards equilibrium, in
some cases with more than adecade difference in average relaxation
time. This ‘asymmetry of approach’ implies that physical ageing is
highly nonlinear®?,

In many experiments physical ageing is well described in terms
of the so-called material time’. This concept was introduced in 1971
by Narayanaswamy, who, as an engineer at Ford Motor Co., sought
the cooling protocol for generating optimal frozen-in stresses in the
production of windscreens®. The material time may be thought of as
time measured on a clock whose rate changes as the glass ages. Con-
ceptually, thisis analogous to the proper-time concept of the theory of
relativity, the time measured on a clock following a moving observer.
The material-time approach to physical ageing is termed the TN for-
malism®?, an equivalent of which was developed a few years later for
ageing polymers®. The striking mathematical simplification of TN is
that physical ageing becomes linear when described in terms of the

material time. Thus, for all temperature jumps, agiven quantity relaxes
towards equilibrium following the same function of the material time,
except for anamplitude scalingin proportion to the jump magnitude.

Specifically, when the temperature history is parameterized in
terms of material time &, the TN formalism describes ageing by a lin-
ear convolution integral over the temperature-variation history®*".
Usinginstead the laboratory time as parameter, the linear limitis only
approached for temperature variations in the millikelvin range. The
fundamental prediction of TN is that knowledge of this linear limit is
enough to determine the highly nonlinear ageing phenomenon. This
wasrecently verified reporting temperature jumps of amplitude down
to 10 mK (ref. 30).

According to the TN formalism, linear-response theory applies
for the material-time development of average quantities. By the fluc-
tuation-dissipation theorem?, a linear response reflects equilibrium
thermal fluctuations that are time reversible, which suggests that
fluctuations monitored during ageing are reversible if regarded as
a function of the material time instead of the laboratory time. Here
‘reversible’ means that past and future cannot be distinguished in the
statistical properties. This conjecture is investigated in this Article.
To do so it is necessary to both measure thermal fluctuations and
determine the material time during the ageing.

Our main experimental technique is dynamic light scattering
(DLS)*'. Compared with other experimental methods used for probing
ageing dynamics (for example, dielectric spectroscopy), the DLS set-up
operatesin the time domain. With few exceptions®, frequency-domain
experiments average over several sinusoidal cycles, during which the
ageing material may change properties. In contrast, time-domain
experimentscan, atleastin principle, access ‘instantaneous’ autocorre-
lationor response functions that are well defined evenif ageing and cor-
relation decay take place on comparable timescales. To determine the
material time as afunction of thetime ¢, {(¢), we assume in the TN spirit
that the normalized scattered-light intensity time-autocorrelation
function as a function of ¢, and ¢, is determined by the material-time
difference &(¢,) - £(t,). As shown below, this leads to predictions that
were discussed for spin-glassesinaseminal paper by Cugliandolo and
Kurchan from 1994**—a paper, however, that did not discuss how an
ageing system approaches thermal equilibrium.
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Fig. 2| Verifying the triangular relation. a, Schematicillustration of how C,,,
Cand Cy are defined for ¢, < ¢, < t;. b, Average C;; plotted versus C,, for fixed
values of C,; (1IP1P data). The data refer to thermal equilibrium at 193 K, as well

as to physical ageing following two different temperature down jumps to193 K.
Therelation between the three time-autocorrelation functions of the two
temperature jumps is the same as in equilibrium. The s.d. of the C; data (for a
total of n=2.8561x 10’ triangles) are given as error bars (smaller than the symbol
size, <0.01). These data confirm the triangular relation equation (2), which
expresses a necessary requirement for using the intensity time-autocorrelation
function to define the material time.

It is an experimental challenge to obtain reliable thermal-
fluctuation time-autocorrelation data during ageing because one
cannot use the standard procedure of ensemble averaging by a mov-
ing time average. We determine the ensemble average for an ageing
sample by simultaneously measuring several time-autocorrelation
functions with acamera monitoring thousands of so-called speckles,
thatis, thegranularinterference pattern ofthe scattered light (Fig. 1b).
Fromthese datawe extract the material time. Using standard methods
oftime-series analysisitis then demonstrated that, whenregarded asa
function of the material time, the fluctuations are stationary and revers-
ible. These findings for the molecular system 1-phenyl-1-propanol
(1P1P) apply also for the colloidal synthetic clay Laponite studied by
VV (polarized) light scattering, which, in contrast to the molecular
system, does not approach equilibrium within the time of observation.
Insearch ofacounterexample we also studied a curing epoxy that ages
chemically by continuous polymerization. However, this system also
exhibits material-time reversal invariance; apparently, this property is
not limited to physically ageing systems. Finally, material-timerevers-
ibility is shown to apply also for the potential-energy fluctuations of
anageing computer-simulated model liquid.

Experimental methods in brief

We use depolarized DLS to probe the temporal intensity fluctuations
of light scattered at 90° from the ageing sample. These fluctuations
reflect the rotational dynamics of the molecules on the molecular
scale (see Supplementary Information for details), which is quanti-
fied by the intensity time-autocorrelation function. In standard equi-
librium DLS experiments the latter is determined via a moving time
average of the product of two intensities separated by a fixed time
interval A¢, but as mentioned this cannot be done for an ageing sample.
To obtain acceptable statistics we perform a multispeckle DLS

experiment that probes a large speckle pattern using an sCMOS (sci-
entific complementary metal-oxide-semiconductor) camerawithten
pictures taken per second; compare Fig. 1a,b. The intensity fluctua-
tions of different speckles (Fig. 1c) are statistically independent, so
the time-resolved ensemble-averaged intensity time-autocorrelation
function (/(¢)/(t + At)) canbe determined, in which the angular brackets
are averages over the different speckles. This is the main idea; more
details are given in Methods.

Time-resolved multispeckle light scattering has been applied
to monitor ageing and ultraslow dynamics of colloidal glasses, gels
and foams, mainly in the diffusing-wave regime**~%, but so far this
technique has not been used to monitor non-equilibrium molecular
systems. The procedure of calculating multipixel averages to obtain
time-resolved autocorrelations has alsobeen used in connection with
X-ray photon correlation spectroscopy, for example, for studying the
physical ageing of metallic glasses®*.

If the intensity of the scattered light at time ¢ at one pixel is
denoted by /(t), the normalized intensity time-autocorrelation
function is defined by C(t,, t,) = (I(¢)I(t,))/[{I(¢)){I(t,))] — 1. The
normalized intensity time-autocorrelation function C(¢, ¢ + At) of
supercooled 1P1P in equilibriumis plotted in Fig. 1d as a function of
At for different times ¢ (different colours). The data collapse onto
asingle curve, confirming stationarity of the equilibrium state. In
contrast,adistinct t dependence of C(t, ¢t + At) is observed following
atemperature downjump as shownin Fig. 1e, where darker colours
correspond to larger t. Starting from the initial equilibrium state
at 195K (left dashed curve), the rate of decay of C(t, t + At) to zero
as At > = slows down with increasing t. Eventually a new stationary
equilibrium stateis approached at the annealing temperature, 193 K
(right dashed curve).

Identifying the material time

We determine £as afunction oftime from the assumption that C(t,, ¢,)
reflects the elapsed material time between t,and t,. Thus, itis assumed*
that for some monotonic function that goes to zero for x > e, F(x),
one has

C(ty, t) = F(§(t,) — &) - 1

For thisto apply for any ¢,and ¢,, the following consistency requirement
must be obeyed. Since £(t;) — £(t,) = &(t,) - &(t) + &(8;) - &(t,), C(¢, t5) is
determinedby C(t,, t,) and C(¢,, t;) (ref. 43). This property always applies
inthermal equilibriumbecausein that case C(t,, t,) isafunction of ¢, - t;,
which is proportional to £(¢,) — &(¢,) since £in equilibrium is alinear
function of t. During ageing, however, the consistency requirementis
non-trivial, as {is nolonger alinear function of t because the structure
changes with time.

Introducing the abbreviated notation C;, = C(t,, t,) and so on, the
above translates into the so-called triangular relation that was origi-
nally derived by Cugliandolo and Kurchanin1994 in amean-field calcu-
lation of time-autocorrelation functions of infinite-range spin systems
quenched from infinite to alow temperature®,

Ciz = C3(Cpp, C3). (2

Thisequation expresses that, for anyt,, C;; and C,; determine C;. Equi-
librium dynamics is time reversible, which implies symmetry of the
function C;,

C13(C12’ C23) = C13(C23’ CIZ) . 3

This symmetry is inherited from equilibrium for an ageing sample, a
result that was derived by a different argumentin ref. 33.

We checked equation (2) by calculating C,,, C,; and C;; for sev-
eral million time triplets, ¢, < ¢, < t;, as illustrated in Fig. 2a. By binning
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Fig.3|Determining and validating the material time for down jumps to

193 K. a, Schematicillustration of how is identified step by step as a function
ofthe laboratory time ¢. The time-autocorrelation functions are plotted here on
alinear time scale, in contrast to the logarithmic time scale used in Fig. 1. b, £(¢)
inalogarithmic representation for different temperature jumps and in thermal
equilibrium (the colours are defined in ¢). At short times the samples have aged
negligibly and £(¢) is a linear function of time; the same linear time dependence
appliesin equilibrium thatis approached for ¢ > «. The inset shows the same data
inalinear representation (the 4 K data were adapted to compensate for a slightly
different annealing temperature; Supplementary Information). ¢, The ageing
ratey (equation (5)) asafunction of ¢. Initially, y is large because the ‘material-

time clock’ ticks fast; as the ageing proceeds y approaches its equilibrium value.
d, When considered as a function of the laboratory time, due to the fact that
ageingis nonlinear, the normalized relaxation functions (equation (6)) differ in
shape for the two temperature jumps. e, The transformation ¢ > £(¢) collapses the
normalized relaxation functions. f, Nonlinearity of physical ageing is evident also
for the dielectric loss relaxation function Rys(¢). The green curve gives data for
atemperature jump of 0.1K, which to agood approximation is within the linear
regime®. g, Plotting the R,s(¢) data as a function of the material time leads within
the experimental uncertainty to the collapse predicted by the TN formalism.
Note that the shapes of Ry, s(§) and Rps(€) differ substantially.

subsets with the same C,, and C,;, we calculated the average C;; and its
s.d. InFig. 2b, the average value of C;; is plotted as a function of C;, for
fixed values of C,; for 1IP1P datameasured in equilibrium, as well as after
temperature jumps of different magnitudes. Alldata are given with s.d.
aserror barsthat are sosmall that they are hardly visible (Supplemen-
tary Information). The smalls.d. and the collapse of data from different
temperature protocols demonstrate that C; is determined by C;, and
C,;, independent of the temperature protocol. Thus, Fig. 2b validates
the triangular relation in and out of equilibrium.

Having confirmed a necessary condition for defining the mate-
rial time via equation (1), we note that inverting equation (1) leads, for
some function ¢(x), to

$(ty) = §(t) = P (Cra).- 4)

Thus, when the normalized intensity time-autocorrelation function
has decayed to a certain value, a fixed amount of material time A has
elapsed. We use this to determine £(¢) in a step-by-step fashion, choos-
ing the criterion C(t,, t,) = a with a = 0.3 to define £(t,) — &(t;) = A =1
(other choices of ayield equivalent results; see Supplementary Infor-
mation). The iterative procedure for determining the material time is
illustratedin Fig. 3ausing alinear time axis. The material time is defined
generally by linear interpolation betweenitsinteger values. Figure 3b
shows &(¢) inalog-log representation for two temperature jumps (blue
and orange), as well as in equilibrium (green), where §is alinear func-
tionof t.Intheinset (¢) is plotted in alinear representation. Figure 3¢
shows the ageing rate defined by

&)

Following a temperature jump, y goes from one value at the shortest
times probed to the equilibrium rate at the annealing temperature.
Next we validate the TN prediction that normalized relaxation
functions of agiven physical quantity following different temperature
jumps are identical when regarded as functions of £ (refs. 6,9). To do
this, we again consider the time-resolved correlation function of the
intensity fluctuations, C(¢, t + At), this time however as a function of ¢
evaluated ata constant, shortlagtime (here At =6 s). We writein brief
C,(t) and note that if At is chosen in a suitable manner, then C,(¢)
represents the change of the fluctuations during ageing. To obtain a
normalized relaxation function Ry, (¢) from C,(t) we define

Car(t) — Ca(t — )

Colt=0)— Corlt > 03) ©)

Rpis(©) =

Figure 3d shows Ry, s(t) asafunction of time following 2 Kand 4 K tem-
perature down jumps, while Fig. 3e plots the same data as functions of
the material time. The data collapse nicely in Fig. 3e, confirming the
TN prediction.

Going one step further, if the TN concept is genuinely valid, the
material time determined using the time evolution of any material
property during ageing should collapse the relaxation function con-
structed from any other observable monitored during the ageing.
To check this prediction, Fig. 3f shows temperature-jump datafor the
normalized relaxation function Rps(¢) constructed fromdielectricloss
data £”(v, t) obtained at the frequency v =10 kHz, while Fig. 3g shows
thesame dataasafunction of £ Asseeninthefigure, thereis an almost
perfect collapse of the data. Considering that the dielectric data were
takenin adifferent laboratory, the observed small deviations are well
within the experimental uncertainties. The overall conclusion from
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Fig. 4| Stationarity and reversibility of the intensity fluctuations regarded

as functions of the material time. a, Light-scattering intensity in one exemplary
speckle foraAT=4 K downjump to193 K analysed at equally spaced time intervals
or material-timeintervals. b, The time-autocorrelation functions of Fig. le
parameterized by the starting material time £(¢), plotted as a function of A&(t).
The fact that the data collapse onto one curve shows that fluctuations during
physical ageing are stationary functions of . ¢, Moving time-window Fourier
components of the intensity at three frequencies plotted as a function of time
(upper panel) and material time (lower panel). A systematic time dependence is
observed inthe former case, while the Fourier components are virtually constant
as functions of the material time, confirming stationarity. d, C,; indicated by the
colours for given values of C;, and C,; that define the x and y axes, respectively.

Data are given for equilibrium and two temperature down jumps to 193 K. The
diagonal symmetry confirms equation (3). e, Quantification of of deviations from
reversibility |C;;(X, ¥) — C5(Y, X)|, whichis in all cases very small. f, Comparison of
the degree of irreversibility for the intensity time series considered as functions
of tand &, quantified by the Jensen-Shannon divergence of the average visibility-
graph degree distributions**° averaged over 10* time series. Each point reflects
the mean value * s.d. of n =10 statistically independent analyses. The larger this
quantity is, the moreirreversible is the time series in question. Note that zero can
only be reached for aninfinitely long reversible time series; the grey ‘reversibility
limit’ was identified by surrogate data testing®® performing the same analysisona
set of artificially generated reversible time series of the same statistics and length
asthe actual data time series (Methods).

Fig.3d-gisthatthe TN material timeidentified from thelight-scattering
intensity time-autocorrelation function leads to a linear behaviour
when the relaxation during ageing is considered as a function of the
material time, independent of the particular observable used to moni-
tor the ageing process. This confirms that the material time has been
identified correctly.

Material-time stationarity and reversibility

Having shown how to determine the material time during physical age-
ing from the normalized DLS intensity time-autocorrelation function,
we now turn to this paper’s central question: whether the linearization
obtained by replacing time with material time translates into statistical
reversibility of the intensity fluctuations.

Stationarity of a stochastic process is a necessary condition for
reversibility**. The three top panels of Fig. 4 investigate to what degree
theintensity fluctuations are stationary whenregarded as functions of
the material time for ajump from equilibrium at 197 K to equilibrium
at 193 K. Figure 4a shows the intensity data probed in one exemplary
speckleasafunctionof t (blue) and € (red). Although the figures differ
visibly, it is not immediately clear whether the lower data are more
stationary than the upper. To investigate this we consider in Fig. 4b
the material-time based correlation function of the speckle-averaged
fluctuations, C(§, £+ A€). Thisisfound to beindependent of , meaning

that C(&, £+ A) ismaterial-time-translationinvariant and thus station-
ary. Figure 4c illustrates the same aspect in the frequency domain
by determining the Fourier components at three frequencies (for
fixed-length moving time, respectively, material-time windows) and
demonstrates that these become constant as functions of the material
time (full spectrograms are shown in Supplementary Information).
After validating stationarity of the /(§) time series, the lower pan-
els of Fig. 4 investigate whether reversibility applies in the sense that
time series of intensity fluctuations have the same statistics as the
time-reversed series. Figure 4d shows datafor the normalized intensity
time-autocorrelation function in equilibrium and for physical ageing
in a heat map showing C,; = C(¢,, t;) as a function of C;, and C,;. The
diagonal symmetry confirms the reversibility condition equation (3).
The degree of deviations from symmetry for given values of X=C,,
and Y=Cy, |C5(X, Y) — C5(Y, X)|, isinvestigated in Fig. 4e, which shows
deviations smaller than 1%.. A different test of material-time revers-
ibility is given in Fig. 4f, where we apply the visibility-graph algorithm*
to the intensity time series. This algorithm is well suited for our data
as it works scale free and assesses ‘global’ aspects of reversibility*.
The idea is to map the time series onto a directed graph with nodes
representing the time-series element edges defined according to a
geometric criterion, how far one can ‘see’ along the time axis*. Ifagiven
time series is reversible, the visibility graph has the same statistical
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Fig. 5| Physical ageing data for the colloidal glass-former Laponite, chemical
ageing datafor alinear polymerizing epoxy and computer simulation data
for abinary L) system. a-f, Data for disc-shaped Laponite particles dissolved
indeionized water, which gradually solidify into a colloidal glass. g-1, Linear
polymerization of bisphenol A diglycidyl ether initiated upon mixing with
appropriate linker molecules. m-r, Ageing of the potential-energy fluctuations
of abinary L) mixture after atemperature down jump from 0.48 to 0.40. Here
temperatures and times are expressed using the respective dimensionless

LJ units. Each row displays the same analyses applied to each system. In the

following discussion, we refer to the panel labels in the order: Laponite, epoxy,
LJ. a,g,m, Slowdown of time-autocorrelation functions as the annealing time
increases. ¢,i,0, Heat maps analogous to those of Fig. 4e confirming material-
time reversal invariance. The necessary condition of stationarity of the intensity
time series (d j,p) with regard to the material time (red) is confirmed for the
corresponding Fourier componentsin e k,q and for the time-autocorrelation
functionsinb,h,n. f,Lr, Results analogous to those of Fig. 4f. Infand 1, each point
reflects the mean + s.d. of n =10 statistically independent analyses. Note that r
alsoincludes datafor an equilibrium simulation (AT = 0).

properties as the time-reversed one. This can be tested by comparing
their respective degree distributions using an appropriate statistical
measure—for example, the Jensen-Shannon divergence®’. Figure 4f
shows this measure of the degree of irreversibility for the /(¢) and /(£)
fluctuations (blue and red, respectively), where AT = O gives the equi-
librium data. The grey area marks the lower range of values that canbe
obtained for afinite time series, as only for an infinite reversible time
series canone obtain azeroJensen-Shannon divergence. We conclude
that, within the experimental resolution, the physical ageing of 1P1P
leads to scattered-light intensity fluctuations that are statistically
reversible whenregarded as functions of the material time, while they
areclearlyirreversible as functions of time.

Results for other systems
To test the generality of the above findings we also investigated
Laponite, a colloidal system of synthetic 25-nm-sized disc-shaped

clay particles that after stirring in water solidifies gradually into a
transparent colloidal glass*®. In this case we cannot probe the full
approachto equilibrium, because the system keeps solidifying within
any realistic time window of observation. Nevertheless, following the
above procedure we can define a material time from the normalized
scattered-light intensity time-autocorrelation function. To vary the
experimental conditions, we changed from depolarized (VH) to polar-
ized (VV) light-scattering geometry, which probes local particle-density
fluctuations™.

The results for Laponite are summarized in the top panels
of Fig. 5, in which Fig. 5a shows data for the normalized intensity
time-autocorrelation function. Clearly, the particle dynamics slows
considerably during the experiment. Material-time stationarity is
validated in Fig. 5b, while Fig. 5c confirms the symmetry of C;5(Cy5, Cyn),
analogous to Fig. 4e, thus demonstrating material-time reversibility.
Thereis notaperfectdatacollapseinFig. 5b, butit should be noted that
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these data cover more than two decades of relaxation times. Possibly,
afast microscopic process* oradecoupling of translational and rota-
tional degrees of freedom®® could lead to slight deviations from perfect
stationarity. Figure 5d shows the intensity time and material-time series
of one exemplary speckle. The amplitudes of the fluctuations as func-
tions of t and £ differ visibly as a consequence of the averaging over
exposure time intervals that are fixed in regard to t or &, respectively;
see Supplementary Information for a detailed discussion of this. The
effectis most pronounced for the Laponite datadueto the large change
oftherelaxation time during ageing. Finally, Fig. 5e shows three of the
respective Fourier components evaluated over moving time windows,
while Fig. 5f demonstrates material-time reversibility following the
same procedure as in Fig. 4f.

Our work set out to investigate whether material-time
reversibility is a characteristic of physical ageing. Having confirmed
this for two quite different systems, we searched for a counterexample
and decided to investigate an irreversibly reacting chemical system,
namely the linearly polymerizing epoxy based on bisphenol A diglycidyl
ether (Methods). We monitored the dynamics during polymerization
by VHdepolarized light scattering. The results are shownin the middle
panels of Fig. 5, which are analogous to those of Laponite. Surprisingly,
no counterexample to material-time reversibility is provided by this
chemically ageing system; in fact the findings are very similar to those
of physically ageing systems in terms of demonstrating stationarity in
Fig. 5k, collapse of correlation functions in Fig. 5h and material-time
reversibility in Fig. 5i,1.

Finally, we simulated amodification of the Kob-Andersen binary
Lennard-Jones (LJ) model of a supercooled liquid®* following a tem-
perature down jump from a state of equilibrium. The quantity moni-
tored during ageingis the instantaneous value of the potential energy
of each particle (Methods). The same analysis as for the experimental
data was carried out for the per-particle potential energy, demon-
strating the generality of our findings in Fig. 5m-r. The per-particle
potential-energy fluctuation time-autocorrelation functions are shown
inFig.Smasafunctionof time. These collapse almost perfectly as func-
tions of the material time in Fig. 5Sn. Material-time reversibility is tested
inFig. 50, where minor deviations from perfect symmetry are observed.
For further testing reversibility we studied time series reflecting the
summed potential-energy fluctuations of 200 randomly chosen par-
ticles, SU. The resulting degrees of irreversibility are shown in Fig. 5r,
where SU(€) is shown to be just as reversible as 8U(¢) of the equilibrium
liquid at the annealing temperature. This result was obtained after
applying a narrow Gaussian filter to eliminate the fast microscopic
fluctuations, which otherwise lead to a subtle residual irreversibility
in SU(§) (see Discussion, Methods and Supplementary Information).

Discussion

We have presented ageing data for a supercooled molecular liquid
obtained by multispeckle depolarized DLS. By averaging over a mul-
titude of speckles, time-resolved intensity time-autocorrelation
functions can be determined with good accuracy during ageing. This
presents a distinct advantage over other experimental approaches
used tomonitor the dynamics of ageing. Our approach allows adetailed
analysis of the shape of time-autocorrelation functions during ageing,
including when the timescales of ageing and the observed correlation
decay are similar.

We used the light-scattering data to validate the material-time
concept of the TN formalism. This concept, which has been applied
successfully for half a century to describe physical ageing®>", is
remarkableinterms of transforming a highly nonlinear phenomenon
into a linear one simply by replacing time with material time. Since
standard linear-response theory reflects the time reversibility of the
fundamental laws of physics, this suggests that fluctuations during
physical ageing are statistically reversible when regarded as functions
of the material time. We validated this for light-scattering data on

three ageing systems—1P1P, Laponite and a curing epoxy—as well as for
dataonacomputer-simulated ageing L) model liquid. Note that these
systems differ in several respects: 1P1P and epoxy are molecular while
Laponite is colloidal; 1P1P, Laponite and LJ age physically while epoxy
ages chemically; Laponite and epoxy do not converge to equilibrium
within the window of observation while 1P1P and L) do. Moreover, our
experiments probed dynamics on different length scales: while reori-
entation of the optical anisotropy onamolecular scaleis probedin VH
light scattering of 1P1P, in the case of VV scattering on Laponite density
fluctuations are probed on the scale of the optical wavelength. In VH
scattering of the curing epoxy, it is mainly hardener/resin concentra-
tion fluctuation effects that are probed. Finally, similarly to 1P1P, the
computer simulations access the single-particle scale. Despite these
notable differences, all four systems obey the triangular relation equa-
tion (2) and have fluctuations that within the experimental resolution
are stationary and reversible when considered as functions of the
material time.

It is important to emphasize that, while we have demonstrated
material-time reversibility of the light-scattering intensity statistics on
the timescale of the structural relaxation, the description in terms of
amaterial time does not necessarily lead to reversibility of the micro-
scopicdynamicsinthe picosecond range. Such fast dynamics are found
inalmostall glassy materials, however are virtually unaffected by age-
ing, which is why they can not be expected to conform to the concept
of amaterial time. Moreover, even when the light-scattering intensity
fluctuations are material-time reversible, other quantities may well
show irreversible behaviour. This caveat has recently been discussed
by O’Byrne and co-workers in connection with the dynamics of active
matter*’, demonstrating that, while the microscopic dynamics of active
matterisnot time reversible, the dynamics of observables referring to
the coarse-grained level may appear so. Since establishing absolute
reversibility involves testing infinitely many different variables, it can-
notbeexcluded thatour ageing samplesareirreversible at some deeper
level. To investigate this in the future, a promising approach would
be to analyse light-scattering and other data using machine-learning
techniques, as recently suggested by Seif et al.>*.

Inview of our findings the question arises of whether the material
time determined by one specific method, say DLS, uniquely determines
the transient state of the ageing system””, that is, whether all other
observables probing ageing become linear and the corresponding
fluctuations become stationary and time reversible when considered as
afunctionofthe materialtime. We elucidate these questions by showing
that relaxation functions constructed from dielectric data do indeed
become linear using the DLS material time (Fig. 3g). Whether this holds
in general and includes other static and dynamic observables remains
anopen question®. We note that results from different linear-response
experiments show that, at least for some glass-forming liquids, the ratio
ofrelaxation times of different quantitiesisindependent of the tempera-
ture®, which s consistent with the existence of aunique material time.

While the concept of reversibility is fundamental in physics,
in the present context we considered it more generally as a formal
time-series property, as, for example, recently discussed in connec-
tionwith neuroscience”. We are not aware of a theoretical framework
that predicts material-time statistical reversibility of fluctuations
during ageing. The TN ageing description is phenomenological and
has no predictions for fluctuations. Assuming in the TN spirit that
the intensity time-autocorrelation function during ageing is a func-
tion of the material-time increase, the triangular relation equation (2)
and the symmetry relation equation (3) were derived above. In that
approach theseidentities may be regarded as inherited from thermal
equilibrium. Equations (2) and (3) were originally derived, however, by
Cugliandolo and Kurchanin an entirely different context**, Cuglian-
dolo and Kurchanstudied spin models with infinite-range interactions
and showed that the exact Schwinger-Dyson equations for fluctuation
and response imply equations (2) and (3) at low temperatures where
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the system never converges to equilibrium. At higher temperatures, on
the other hand, the system converges to equilibrium and no triangular
relation was predicted. Under the latter conditions, however, we do
find that the triangular relation applies, as shown above for 1P1P and
the computer simulations of simple LJ type systems ageing to equi-
librium****, The Cugliandolo-Kurchan mean-field approach is exact
in infinite dimensions®°. Although the basic Cugliandolo-Kurchan
predictions were later proposed to apply alsoin finite dimensions*>*°,
therange of applicability of the mean-field scenario remains unclear'.
Interestingly, the subject of time-reparametrization invariance pio-
neered by Cugliandolo and Kurchan®, which is a consequence of the
triangular relation, has recently become fashionable in field theory,
whereit represents the ‘gravity’ low-energy limit®-*%,

Our results give rise to anumber of questions: whether material-
time reversibility is a universal characteristic of ageing; whether it
is possible to formulate generalized fluctuation-dissipation rela-
tions based on material time instead of laboratory time, possibly
on a coarse-grained level, and if so, how this would relate to the
effective-temperature concept introduced long ago for the descrip-
tion of ageing®’; whether material-time reversibility reflects the revers-
ibility of the fundamental laws of physics and thereby connects to the
fluctuation theoremthat quantifies a consequence of microscopic time
reversibility®*®. To illuminate these questions it would be interesting
to find an ageing system that violates material-time reversibility, but
we have so far failed to do so. Possibly, this could be achieved by per-
forming large temperature jumps, as suggested by recent results®*®’,
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Methods

Multispeckle DLS set-up and temperature protocols
Experiments are performed inacustom-built light-scattering set-up,
where a Cobolt Samba 500 Nd:YAG laser (wavelength 532 nm) is used
toilluminate the sample with vertically polarized light. The sample
cell is mounted inside a CryoVac cold-finger cryostat surrounded
by a high vacuum generated by a vibration-free Agilent ion getter
pump. Scattered light is detected at 90° angle using a Hamamatsu
ORCA-Flash 4.0 V2sCMOS camera. Light is guided onto the camera
chip by a custom-built optical system consisting of a circular aper-
ture, an f= 6 cm spherical lens, a finely adjustable Glan-Thomp-
son polarizer from B. Halle with extinction ratio 107, an adjustable
slit aperture and a 2 nm band-pass filter (in the order towards the
detection unit).

To calibrate the temperature protocols, the sample tempera-
ture must be monitored precisely. This has been achieved by con-
structing a dummy sample cell of the same geometry as the original
light-scattering cell, but equipped with two PT100 temperature sen-
sors: the first one is located inside the liquid sample, the second one
is glued into a channel drilled through the aluminium bottom of the
sample cell using Loctite Stycast 2850FT thermally conducting epoxy
glue. During the light-scattering measurements only the second sen-
sor could be used, as positioning a sensor inside the liquid interferes
with the laser beam. Using the dummy sample cell it was confirmed
that the two sensors coincide for different temperature protocols,
implying that the temperature determined by the second sensoris an
appropriate measure of the actual sample temperature.

To perform afast temperature down jump fromthe starting tem-
peratures T, =197 K,195 K to the annealing temperature 7..= 193 Kwith
amplitude AT =T, - T..it is not sufficient to simply quench the cold
finger from T, to T..and let the sample equilibrate there. Due to the
thermallagbetween cold finger and sample cell, the sample tempera-
ture initially decreases quickly, but as soon as the cold finger reaches
T..the cooling rate inside the sample declines and it takes more than
1,000 s for the sample temperature to reach T... To mitigate this we
initially cooled the cold finger several degrees below T.. as quickly as
possible. This temperature was then held for ashort time¢, after which
the cold finger was heated back to T..with heating rate c. By choosing
tand cin an optimal way, it was possible to have the sample tempera-
ture quickly reach T, without any relevant temperature undershoot
(see Supplementary Information for details). The parameters for the
optimal temperature protocol were determined for AT=0.5,1.0, 2.0
and 4.0 Kbefore the light-scattering measurements (0.5and 1.0 K are
not shown, but used for the analysis in Fig. 3g). We limit the study to
these temperature-jump amplitudes because larger temperature jumps
would require higher cooling rates that cannot be obtained with the
present set-up. During the measurements, the prepared temperature
protocols were repeated, and reproducibility was ensured by control-
ling the Lakeshore 335 temperature controller via Python scripts.
Following this procedure, temperature jumps could be performed in
less than 200 s with an accuracy of 0.1 K. The final temperature could
then be held for >24 hwith an accuracy of +0.05 K.

Sample preparation and measurements

1P1P.1P1P (Alfa Aesar, 98+% purity) was filtered into the light-scattering
sample cell using a 450 nm syringe filter. The sample was first kept at
T, for 12 h to ensure that the supercooled liquid was in (metastable)
thermal equilibrium. A camera measurement quantifying the equilib-
riumstate at T, was performed with exposure time 0.02 s over 300,000
frames (6,000 s). After this, asecond camera measurement was started
with anexposure time of 0.2 sover 300,000 frames (~17 h). Simultane-
ously, the prepared temperature protocol was initiated. The duration of
the measurement was chosentobe muchlonger than the time needed
for thesampleto equilibrate, which allowed us to analyse in detail the
equilibriumintensity fluctuations. All experiments involving 1IP1P were

performed in the VH (depolarized) geometry, thus the reorientation
of the molecular optical anisotropy tensor is probed?'.

For the dielectric measurements the complex capacity was meas-
ured at the fixed frequency v, =10 kHz, with an Andeen-Hagerling AH
2700A high-precision bridge in a custom-built cryostat system®’°.
Fast temperature jumps up to AT =4 K with microkelvin precision
were obtained by asubcryostat system based on a Peltier element and
anonlinear temperature sensor®”’, The sample temperature can be
changedin afew seconds.

From the complex capacity, the complex permittivity of 1P1P at
10 kHz was determined and its imaginary part, £”(¢), was used to cal-
culate Rps(t) analogous to equation (6),

(0 — (t - )
e(t=0)—¢e"(t > )"

Rps(®) = )]

Data were collected linearly in time and averaged using a logarithmic
binning scheme. To combine DLS and DS measurements we account
for slight differences regarding the annealing temperature, which
inevitably appear due to the experiments being performed in differ-
ent laboratories. We determine the respective relaxation time at the
annealing temperatures of both experiments by considering the results
fromadetailed analysis of IP1P usingboth methodsinref. 72 and apply
the procedure presentedin Supplementary Section1to determine the
temperature difference.

Laponite. The Laponite suspension was prepared in consideration
of the phase diagram” with parameters chosen such that a colloidal
Wigner glass was obtained: Laponite powder (Laponite-RD from BYK)
was dried for one week at 1 mbar to remove all water. Water with pH
10 and ionic strength <10~ M was obtained by adding an appropriate
amount of NaOH to milli-Q water. Subsequently, 2.98 wt% of Laponite
wasadded and the mixture was stirred for 24 h. Finally, the sample was
filtered into a glass cylinder using a 450 nm syringe filter, which may
have led to a slight reduction of the Laponite concentration. Physical
ageing starts directly after the mixture is filtered; however, for the
first few hours the colloidal dynamicsis too fast to be captured by the
camera. The camerameasurement with exposure time 0.1 s was started
several minutes after filtration, and the scattered light was monitored
in VV geometry over 1,500,000 frames (~42 h). Laponite was studied
atroomtemperature.

Epoxy. The epoxy system is based on bisphenol A diglycidyl ether
resin (Alfa Aesar). As polymerization agent we used N,N,N’',N
’-tetraethyldiethylenetriamine (Sigma Aldrich, 90%). This specific
agentinducesalinear polymerization; thus the mixture was prepared
with al:1 molarratio. Before mixing, the resin was dried and degassed
inavacuumoven. Afterwards, aglass syringe equipped with astainless
steel filter holder containing a 450 nm nylon membrane filter suit-
able for operation at high temperatures was filled with the resin. The
syringe was then heated to 150 °C to decrease the viscosity of theresin,
which allowed us to filter the resin into a dust-free sample glass. The
appropriateamount of hardener was added, again using a syringe filter.
Subsequently, the mixture was magnetically stirred at 400 r.p.m. for
10 minand adust-free cylindrical glass sample holder was filled with the
mixture. Air bubbles were removed by exposing it to vacuum for 15 min.
Finally, the glass tube was sealed and placed inside a suitable sample
ovenpreheated to310 K, and the camerameasurementin VH geometry
with exposure time 0.1 s was started for 2,000,000 frames (~56 h).

Molecular dynamics

The data for the binary L) system presented in Fig. 5 were produced
using the graphics processing unit (GPU)-optimized software RUMD"™.
Theinteraction potential usedis the modification of the standard Kob-
Andersen potential introduced in ref. 75 to counteract crystallization.
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Jumps from temperature 0.48 to 0.40 at density 1.20 for a system of
N=8,000 particles (6,400 A particlesand 1,600 B particles) were simu-
latedfor1.68 x 10°L) time unitswith atime step of 0.005. The simulations
raninthe NVTensemble using astandard Nosé-Hoover thermostat with
relaxation time 0.2 in LJ units. Velocities were rescaled at the start of
the simulation to temperature 0.40 to avoid non-physical behaviour of
the thermostat. The potential energy of each particle was saved every
128 time steps (corresponding to 0.64 L] time units). Simulations from
30 independent starting configurations were run. The data shown in
Fig. 5 refer to the A particles only and consider a total 0of 192,000 par-
ticles to obtain time-autocorrelation functions with minimal statisti-
cal noise. Starting configurations were obtained from an equilibrium
simulation at density 1.20 and temperature 0.48, separated in time by
4.2 x10*LJ units (roughly corresponding to 80 relaxation times).

Data analysis

For all temperature jumps of 1P1P, for Laponite during annealing and
for the curing epoxy, the resulting camera video files were analysed
using three different techniques to obtain time-resolved autocorrela-
tion functions, pairwise autocorrelations for time triplets and intensity
time series as a function of t and §. The same procedures were used
to analyse the simulation data. In the following, each procedure and
subsequent analyses are explained.

Time-resolved autocorrelation functions. Time-resolved autocorre-
lation functions were obtained from the cameravideo viaamultipixel
average over images consisting of n = 2,048 columns and m = 350 rows.
Duetothe Gaussianintensity profile of thelaser beam, the average pixel
intensity varies slightly perpendicular to the propagation direction of
thelaser (respectively for different rows). At the same time, the average
intensity is constant along the propagation direction (respectively for
different columns). Thus, normalization of autocorrelationsis carried
outindependently for each row. Finally, the resultis averaged over all
rows. Mathematically, our procedure amounts to

n < Sy LIt + AD
Ct,t+ At = — . .
o m’; (Tt 150) (Tic Iyt + 80) ®)

with columniand rowj. C(¢, ¢ + At) was calculated for all available t (each
frame) and for 47 different logarithmically equally spaced values of At,
where the smallest value is the exposure time of the camera.

From the simulation data, we calculate time-resolved auto-
correlations of the single-particle potential-energy fluctuations
Au(t) = ut) — (u0))y, where {...)y indicates the average over all par-
ticlesie (1,2, ..., N},

(Au;(OAu;(t + Ab))y

Ctt+ A = .
 (@u@y) {@ue+ a0y’)

)

Pairwise autocorrelation for time triplets. To verify the triangular
relation equation (2), we analysed many time triplets ¢, <t, <t,. The
analysis focused on the time frame in which y(¢) changes, as the trian-
gular relation holds trivially when p(¢) = const. In this time frame, 10*
linearly spaced values of t; were chosen. For each ¢;, different t,= ¢, + 7/
were constructed for 169 logarithmically equally spaced values 7’.
Subsequently, for each combination of t;and ¢, different t; = ¢, + 7”were
constructed using the same 169 logarithmically equally spaced values
for 7. Combined, this procedure generated 1,000 x 169? =~ 3 x 10’ dif-
ferent time triplets. For each of these, the pairwise autocorrelations
Cp, Czand C,; (see main text for notation) were calculated using equa-
tion (8) with, for example, ¢ = ¢, and ¢ + T=¢, for the calculation of C,,.
Finally, subsets with the same values of C;, and C,; were binned with
resolution AC=0.005, and for each subset the mean Cj3(C,, Cp3) and
correspondings.d. 6,5(Cy,, C,;) were calculated.

Constructions of the intensity time series. To obtain the intensity
timeseriesinlaboratory time (), respectively material time /(§), inten-
sity fluctuationsin one pixel were firstinterpolated at a tightly spaced
sequence of times, where the elapsed time between consecutive points
was chosen to be constanteither in time or in material time. As the focus
is on physical ageing, the analysis is limited to the time frame where
y(¢) changes (the same time frame as for time triplets). Afterwards,
subsets were binned and averaged to obtain atimeseries oflength N €
{500,1,000, 2,500, 5,000, 10,000}. For I(¢), this procedure essentially
simulates the result we would obtain using a camera operated with a
time-dependent exposure time defined by the material-time clock rate.
Different Nwere analysed to ensure that the observed effects are inde-
pendant of the temporal resolution. As qualitatively equivalent results
were obtained for all NV, only results for N=2,500 are shownin this Arti-
cle. The above-described procedure was applied to 10* different pixels
chosen such that the fluctuations are statistically independent. The
entire subset was then analysed regarding stationarity and reversibility.

The procedure is very similar for the simulations, except that
instead of binning we apply a Gaussian weighted time average at times
chosento be constanteitherintime orin material time. The width of the
Gaussianfilteris proportional either to the time clock rate (constant) or
the material-time clock rate. This procedure gives very similar resultsto
binning, butis able to filter out very fast fluctuations more efficiently
(Supplementary Information). This is necessary for the simulations
because of the small dynamic separation between the fast microscopic
process and structural relaxation (a consequence of the relatively high
temperature at which simulations are performed). As discussed in
the Article, the fast process does not age and does not conformto the
material-time formalism.

Time-series stationarity analysis. Time-series stationarity is tested
by Fourier analysing short sequences of the fluctuations to obtain
time-resolved Fourier components. The corresponding procedure
involves multiplying the original intensity time series by a Gaussian
function for which we can vary the maximum position ¢, to obtain tem-
poralresolution. The obtained ‘time-resolved’ time series are analysed
using the fast Fourier transformation algorithm, and the results are
averaged over 10* statistically independent time series. More details
on the analysis can be found in the Supplementary Information.

Time-series time-reversibility analysis. The time reversibility of
I(t) and /() was analysed using the visibility-graph algorithm***¢, This
was done by transforming a time series, /(¢) respectively /(£), and its
respective time-inverted time series, I () respectively I (£), into a vis-
ibility graph using the fast algorithm’ from the TS2VG python pack-
age. Subsequently, the degree distributions were calculated. Finally,
the degree distributions of original and time-inverted time series,
P(k) and P (k), were averaged over 10* statistically independent time
series. The difference of the two distributions was quantified using the
Jensen-Shannon divergence

Dys (PUYIP-(K)) = & (Da(PUOIP) + Dy (P-(OIPEKY),  (10)
where A(k) = % (P(k) + P~(k))and
Dy (PUROIIPGY) = 3 PGk log PR a
k

Pk

isthe Kullback-Leibler divergence. D, whichis asymmetric version of
Dy, isreferred to as the degree of irreversibility in this Article.
Uncertainties for D were determined by repeating the
above-described analysis ten times for different subsets of 10* pixels (no
pixelwas used in more than one subset). The s.d. of the thus-obtained
distributions of Ds are plotted as error bars in Figs. 4 and 5. For the
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simulations, the uncertainties of D; could not be determined due to
the limited number of particles.

Due to finite-size effects, D;s > 0 even for a time-reversible time
series. To obtain the lower limit of D;s that would be approached if the
experimentally observed time series were truly time reversible, we
performed a surrogate analysis®®. Numerous surrogate time series
of I(§) and I"(§) were calculated using the iterated amplitude adjusted
Fourier transformalgorithm’” and analysed in subsets of 10* time series
(equivalent to the procedure of analysing experimental time series).
The reversibility limits shownin Figs. 4 and 5 correspond to the distri-
bution of Dsobtained by performing several such surrogate analyses.

Data availability
The study generated ~10 TB of data, which are available from the cor-
responding authors upon request.

Code availability
The code for the analysis of all data sets is available from the corre-
sponding authors uponrequest.
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