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In equilibrium:  
•  No net energy & mass transfer       
between system and sources 
•  Boltzmann-Gibbs distribution 

Out of equilibrium:  
•  Net energy & mass transfer  
•  Breakdown of maximum entropy principle 
•  Non-conservative or time-dependent forces 

About nonequilibrium states 

For a review, F. Ritort, Adv. Chem. Phys. 137 31 (2008) 



WEAKLY ERGODIC OR GLASSY 
SYSTEMS 

Glass forming liquids 

Slow dynamics or aging   |  FDT violations 
Intermittent events     |    Kinetic heterogeneities 

Non-equilibrium fluctuations due to small cooperatively rearranging regions (CRRs) 

Colloids and gels 

Electron glasses Biomolecules 



AGING 
Experiments: Struik on polymers 70’s 

Simulations: Structural glasses (Kob, Barrat 98) and spin glasses (Picco, Ricci-Tersenghi, F.R.,2000) 



FDT violations and effective 
temperatures 

! 

kBTeff (") =
#"S(")
2 ˆ $ ' ' (")

Q: Is there a thermodynamic nonequilibrium temperature? 
L.F.Cugliandolo, J.Kurchan and L. Peliti, Phys. Rev. E, 55, 3898 (1998) 
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For “numerical evidence”, see A. Crisanti and F. Ritort, J. Phys. A (Math. Gen.) 36, R181 (2003) 

Power spectrum 
(fluctuations) 

Susceptibility 
(response) 

Two-times correlation Two-times response 

Cugliandolo and Kurchan, Phys. Rev. Lett. 71, 173 (1993) 
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Fluctuation-dissipation plots (FD plots) 

L.F. Cugliandolo and  J. Kurchan,  
J. Phys. A (Math. Gen.)  27, 5749 (1993) 
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Figure 16. Parametric plot of the integrated response function M(tw + τ, tw) and the correlation
function C(tw + τ, tw) for k = 7.25. Final quench temperature Tf = 0.3, tw = 1000. Circles:
tw = 10 000. The straight lines have slopes −1.0 and −0.45. From [234].

while the response is measured by adding to the potential a term of the form

δV = V0

∑

j

εj cos(k · rj ) (240)

where εj = ±1 with equal probability and V0 < T . Again a two-timescale scenario is clearly
seen. Moreover, the effective temperature in the slow regime where m < 1 is in reasonable
agreement with the glass transition temperature Tg of the system12.

Thus the FDT is broken as the system fails to equilibrate, as expected from spin-glass
models.

7.1.3. Monoatomic Lennard-Jones systems. See [227, 228, 236, 237]. The system consists
of equal particles interacting via the potential V = VLJ + δV , where VLJ is the usual 12−6
Lennard-Jones potential (expressed in reduced units), and δV is a many-body term that inhibits
crystallization:

δV = α

2

∑

q

θ(S(q) − S0)(S(q) − S0)
2 (241)

where S(q) is the static structure function, α = 0.8 and S0 = 1. The sum is made over all q
with qmax − & < |q| < qmax + &, where qmax = 7.12ρ1/3 and & = 0.34, ρ being the particle
density.

In figure 17 we report the parametric plot of the mean-square displacement & and IRF in a
crunch experiment. It is important to note that the temperature below which m < 1 coincides
with the glass transition temperature of the system at the density reached after the crunch.
This shows that the breaking of FDT does not depend on the initial state nor on the path
followed in the (T ,ρ) plane, but only on the final (non-equilibrium) state to which the system
is brought.

The FD plots for glass forming liquids discussed here reveal the typical two-timescale
(or 1RSB) scenario found in some spin-glass models. This supports the original Goldstein’s
idea [56] that the phase space of supercooled liquids is divided by high barriers into different
12 The glass transition Tg is defined as the temperature below which the system fails to equilibrate on the experimental
timescale. For structural glasses Tg is defined as the temperature at which the viscosity is equal to 1013 Poise or,
equivalently, a relaxation time of several minutes.
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Figure 33. Fourteen FD parametric plots in the LJ model showing the independence of the effective
temperature from the observable. The numbers in the key of the figure indicate different values of
the wave vectors; 1.87 refers to class 1 in the text. ‘coh’ stands for coherent or global scattering
functions (class 2). A and B refer to the two different chemical species, (A + B) standing for
incoherent scattering observables independently measured for A and B species (class 3). ‘self’
indicates the use of the mean-square displacement (class 4). ‘stress’ refers to class 5. The value of
the effective temperature is compatible with Teff = 0.65 > T = 0.3 for all cases. From [289].

is noteworthy. There are two regimes depending on whether T > Tc or T < Tc. In the
first regime the fluid is Newtonian at low shearing rates so the viscosity is shear independent.
In this regime, standard non-equilibrium thermodynamics [295] is applicable. However, for
T < Tc the fluid is non-Newtonian and the viscosity diverges at zero shear, η ∼ γ̇ −α(T )

with α(T ) between 2/3 (at Tc) and 1 (for T → 0) in agreement with the aforementioned
results found in the MF spin glass. The central question addressed in [288–290] was the
dependence of the resulting FD plots on the type of observable used as a perturbation. They
considered five different classes of observables: (1) the incoherent part of scattering functions
(corresponding to single particle density fluctuations), (2) the coherent part or the correlations,
(3) the ‘chemical’ observables associated with correlations of a single species of particles in
the binary mixture, (4) the mean-square displacement of particles associated with a constant
small force transverse to the flow and (5) the stress in the transverse direction after compression
of the box; (1), (2) and (3) were measured at different wave vectors. In all cases, the effective
temperature was found to be the same within numerical accuracy. A compendium of their
results is shown in figure 33. There have been other studies on driven systems that have
investigated the shear thinning effect, i.e. whether a driving force of rate γ̇ stops aging up
to a timescale proportional to 1/γ̇ by restoring TTI. Corberi et al [296] have investigated
coarsening models in the presence of a driving force. In particular, they have considered a
N-component ferromagnetic model with non-conserved order parameter in the large N limit.
The authors find that, above the ferro–paramagnetic transition temperature Tc, the inverse of
the driving rate 1/γ̇ sets the timescale after which aging stops and the system becomes TTI.
However, below Tc, contrary to what is observed in MF spin glasses, aging never stops even in
the presence of shearing. The origin of this difference is unclear. It could be related to the fact
that in coarsening systems the mechanism responsible for aging is different from that in MF
spin glasses or LJ glasses. This difference can be traced back to the absence of complexity
in the coarsening model as compared to the other cases. Moreover, this behaviour has to
be contrasted with what is found in tapped systems such as MF spin glasses in an AC field

AGING STEADY-STATES 

L. Berthier and J. L. Barrat, 2002 J. L. Barrat and W. Kob, 1999 

For “numerical evidence”, see A. Crisanti and F. Ritort, J. Phys. A (Math. Gen.) 36, R181 (2003) 

Lennard-Jones systems 



! 

1
Teff (tw )

=
"#(t,tw )
"C(t,tw )

tw   fixed

Fluctuation-dissipation plots 

L.F. Cugliandolo and  J. Kurchan,  
J. Phys. A (Math. Gen.)  27, 5749 (1993) 

D. Herisson and M. Ocio, Phys. Rev. 
Lett.,  88, 257202 (2002) 



Main idea: glassy systems exchange energy with 
the environment in a process dominated by rare 
and intermittent events (e.g. relaxation of internal 
stress) and large deviations respect to the 
average behavior. 
 
Strategy: The understanding of glassy behavior 
can be approached from the perspective of 
nonequilibrium thermodynamics of small systems 
(also called stochastic thermodynamics) and 
fluctuation theorems. 



Typical shape of a heat pdf 

F. R. in Unifying concepts in Granular Media and Glassy systems, Ed. By A. Coniglio, 
A. Fierro and H. Hermann, Springer Verlag, Berlin 2004, page 129 

Age (log scale) 
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Noise measurements in glasses (laponite and 
polycarbonate)S.Ciliberto group in Lyon (France) 

Experimental evidence 

Confocal microscopy in colloids:L.Cipelletti  
(Montpellier) and E.Weeks (USA) groups   

Heat distribution for a particle confined in a 
quadratic potential and dragged through a 
solvent  (E.D.G. Cohen and R. Van Zon, 2003)  

Also in steady states (theory) 



A random matrix (Ising spin glass) model: 
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J 2 =1
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E = " Jij
i< j

N

# $ i$ j

E. Marinari, G. Parisi, F. R.  J. Phys. A  27, 7647 (1994) 

Glass transition in the random orthogonal model  

Tg≈0.5 

Energy 

Temperature 

Cooling “experiment” 



FD plots in the random orthogonal model (ROM) 

Parameters: N=64,             ,                                 3=iT

A. Crisanti and F. R, Europhys. Lett. 66, 253 (2004) 
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Figure 21. Integrated response function as a function of IS correlation function, i.e, the correlation
between different IS configurations, for the ROM. The dashed line has slope T −1

f = 5.0, where
Tf is the final quench temperature, while the full lines are the prediction (245): Teff(211) " 0.694,
Teff(216) " 0.634 and Teff(219) " 0.608. The dot-dashed line is Teff for tw = 211 drawn for
comparison; see also [66]. From [36].

experiment. We note the two-regime decay also observed in supercooled liquids [244]. The
two regimes are associated with different relaxation processes. In the first part the system
has enough energy and relaxation is mainly due to path search out of basins through saddles
of energy lower than T, where T is the temperature after the quench. This part depends only
on the temperature of the equilibrium state from which the system has been quenched. This
process stops when all barrier heights become of O(T ) and relaxation slows down since it must
proceed via activated inter component processes. In figure 21 is shown the response versus
correlation plot for the ROM. Correlations and responses were computed by projecting over
the IS, the corresponding FDT also holds in equilibrium as discussed in section 3.3. The figure
clearly shows the two-timescale scenario with X = 1 at short times and X = T/Teff < 1 at
later times, with Teff in very good agreement with the value predicted by (242). Also notorious
is the fact that the effective temperature shifts with time as expected.

7.2. Spin glasses and other random systems

As we have explained in section 6, spin glasses represent the most important motif of many
results regarding FDT violations. Particularly, numerical simulations have been the most
widespread tools to investigate many aspects of the equilibrium behaviour of spin glasses that
cannot be tackled by analytic means (for a review see [245]). It is usually said that the advantage
that numerical simulations offer in the study of non-equilibrium properties, as compared to
equilibrium ones, relies on the fact that systems do not need to be equilibrated. However, this
observation is naive and deceitful as many dynamical aspects cannot be observed in the range
of accessible timescales. Indeed, it is widely believed that many dynamical results in spin
glasses are suspect because the asymptotic dynamical regime, defined as that regime where
the dynamic correlation length ξ is many lattice spacings, is usually not reached. Establishing
whether the range of simulated timescales reaches the asymptotic long-time regime is at
the heart of a present controversy in the field. Indeed, not by chance, this controversy

T = 0.2



Heat pdfs in the random orthogonal model (ROM) 

Parameters: N=64,             ,                                , 3=iT 1.0,2.0,3.0=T 1510 2,2=wt

A. Crisanti and F. R, Europhys. Lett. 66, 253 (2004) 



Can we experimentally test these ideas? 

Use small systems as models where nonequilibrium  
fluctuations and large deviations are experimentally  
measurable  



Question: Can we think of a nonequilibrium model that mimics 
the  effect of the random thermal (Brownian) forces? 

A NEW APPROACH TO UNDERSTAND THE EMERGENCE OF 
                        EFFECTIVE TEMPERATURES 

Hypothesis:        In  principle, any external stochastic forcing  
applied to the system should be indistinguishable from a 
thermal-like Brownian force if the characteristic timescale 
of the stochastic force is shorter than the intrinsic relaxation 
time of the system 

< f (0) f (t)>= Aexp(!t / ! )

Strategy: Use single molecules with stochastic driving to  
generate nonequilibrium steady states with effective  
temperatures 

Work done in collaboration with E. Dieterich and U. Seifert, Stuttgart 



Minitweezers: Experimental set-up C. Bustamante and S. B. Smith et al.,  
US Patent,7, 133, 132, B2 (2006) 

Small biosystems lab 
University of Barcelona 

J. M. Huguet et al., PNAS 107: 15431-15436 (2010)  
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FIG. 2. Experimental Setup. The scheme of the optical setup, with the optical paths of the

lasers (blue and yellow) and of the led (red). Fiber-coupled diode lasers are focused inside a fluidics

chamber to form optical traps using underfilling beams in high NA objectives. All the light leaving

from the trap is collected by a second objective and sent to a Position Sensitive Detector which

integrates the light momentum flux, measuring changes in light momentum [11]. The laser beams

share part of their optical paths and are separated by polarization. Part of the laser light (! 5%)

is deviated by a pellicle before focusing and used to monitor the trap position (Light Lever). The

trap is moved by pushing the tip of the fiber tip by piezo actuators (wiggler).

their optical path between the objectives. In order to correctly measure forces by linear

momentum conservation it is necessary to recollect all the light exiting from the trap, which

can be achieved by using underfilling beams in large numerical aperture objectives, so that

the only light loss is due to reflection by mirrors and beads which is below 2% in the range

of forces explored by this instrument (see below). The counter-propagating geometry is a

crucial feature of this setup: in this way the two beams forming the traps leave the sample

region in opposite directions, the light coming from each trap can be separately detected

and the force exerted by each trap measured. A blue LED and a CCD camera (Watec

WAT-902H3 SUPREME EIA) are used to monitor the experiment by video microscopy: a

lens projects the image of the focal plane to the CCD camera which responds both in the

visible and in the infrared so that an image of both the beams and the trapped beads can

be distinguished. The instrument is controlled by a personal computer which is also used

for data acquisition at 4 kHz.

6



hairpin 

1st 
oligo 

AGTTAGTGGTGGAAACACAGTGCCAGCGCG
CGAGCCATAAT  

2nd 
oligo 

CTCATCTGGAAACAGATGAGATTATGGCTCGCA
GTTAGTGGTGGAAACACAGTGCCAGCGC  

3rd oligo 

GCGCTGGCACTGTGTTTCCACCACTAACT 

Biotin 
Second oligo 

Third oligo 

First oligo 

Digoxigenins 
29 bp left handle 29 bp right handle 

29 bp DNA handle 

29 bp DNA handle 

Streptavidin- 
coated bead 

Anti-
digoxigenin- 
coated bead 

Biotin 

Digoxigenins 

DNA hairpin 

THE WORLD’S SHORTEST HANDLES 

 Experiments similar to those carried out by M. T. Woodside et al., 
Science 314,  1001 (2006); PNAS vol. 103, 6190-6195 (2006) 

N. Forns et al., Biophys. J., 100, 1765 (2011) 



Pulling experiments 

16.5pN 1.2 pN 

Control parameter: relative trap-pipette distance X 

40nm 



Hopping traces (passive mode) 

August 27, 2011 11:22 WSPC/1402-9251 259-JNMP S1402925111001593

400 M. Ribezzi-Crivellari, M. Wagner & F. Ritort

(a) (b)

Fig. 2. (a) Schematic representation of the Passive Mode (PM) hopping setup [6, 7]. The DNA hairpin is
linked to two dielectric beads. One bead is optically trapped, while the other is held by air sunction on
the tip of a micropipette. The distance between the micropipette and the bead is kept fixed. At moderate
tensions the hairpin can hop back and forth between the folded and the unfolded state under the effect of
thermal fluctuations. The transition from the folded to the unfolded state is detected as a drop in the applied
force, as the longer contour length of the molecule in the unfolded state allows for a relaxation of the bead in
the optical trap. (b) The force trace obtained from the DNA hairpin under tension. The molecule is folded
when the force takes the higher value and unfolded when it takes the lower value. Some unfolding/refolding
events are shown. The small circles show raw data, while the continuous line is a running average with 40
points window on the measured data. The continuous straight line is equal to f̄ , the median between the
force in the folded state and the force in the unfolded state. On the right panel the probability density of
the measured force is shown for the whole trace (!300 s), showing how no intermediate is detected and the
two states are perfectly resolved.

the folded and the unfolded state happens abruptly without detectable intermediates (see
Fig. 2(b)), all the stem unfolds at once.

The mean lifetime of the folded and the unfolded states are, in the case we will describe,
on the order of the second and the high instrumental stability of optical tweezers allows
for the measurement of hundreds of transitions. Each of these measurements leads to a
force vs. time trace (Fig. 2(b)) in which the two states are clearly distinguishable. This
is because the Signal to Noise Ratio (SNR), defined as the ratio between the force drop
in the unfolding transition and the amplitude of thermal noise, is large enough. The data
acquisition rate is finite, with a point being sampled every millisecond. The dots in Fig. 2(b)
show the collected raw data, while the solid line shows an average of the measured data.

3. The Free Energy Landscape

The mechanical folding and unfolding of nucleic acid hairpins is commonly described in
terms of a reaction coordinate and the corresponding free energy landscape. When subject
to force, the end-to-end distance of the molecule along the force axis is an adequate reaction
coordinate for the folding-unfolding reaction pathway. For a given applied force f it is
common to consider only a single kinetic pathway for the unfolding and folding reactions,
which is characterized by a single transition state (TS). The TS is the highest free energy



Hopping traces (force feedback) 



A DNA hairpin with many intermediates 

Short handles (29bp~10nm) 

N. Forns et al., Biophys. J. 100 1765-1774 (2011)  

Optical tweezers: B. Essevaz-Roulet, U. Bockelmann , F. Heslot F (1997) Proc Natl Acad Sci USA 94:11935-11940 
AFM: M. Rief, H. Clausen-Schaumann, H.E.  Gaub (1999)  Nat Struct Biol 6:346-349 
Magnetic tweezers: C. Danilowicz et al. (2003) Proc Natl Acad Sci USA 100:1694-1699 



What happens with controlled force? 

Trap position ensemble 
Force ensemble 



Dissipation in force ensemble 
at least 100 times larger!! 

Extremely slow kinetics 
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To dissipate a few per cent of these values  
(aprox. 20kT like in the trap ensemble)  
would require a loading rate of  
 

                      10-100 pN/s !!!! 
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Disordered free energy landscape 

Experimental realization of the Sinai model:   E(t)-E(∞)→ a/log(t)  



Take home messages…. 
•  In glassy systems an effective temperature describes 

the relation between correlations and responses at low 
frequencies, probably due to intermittent relaxational 
events that are indistinguishable from Brownian-like 
forces. 

•  Small systems and stochastic thermodynamics are the 
ideal framework to theoretically understand and 
experimentally measure effective temperatures. 

•  Noise experiments much needed: single molecules are 
excellent candidate systems. The high signal-to-noise 
ratios of single molecule techniques have provided new 
tools for exploring the world of nonequilibrium phenomena 
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Felix Ritort Small Biosystems Lab


