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Abstract

We derive, in more general conditions, a recently introduced variance sum rule (VSR) (Di Terlizzi
et al 2024 Science 383 971) involving variances of displacement and force impulse for overdamped
Langevin systems in a nonequilibrium steady state (NESS). This formula allows visualising the
effect of nonequilibrium as a deviation of the sum of variances from normal diffusion 2Dt, with D
the diffusion constant and ¢ the time. From the VSR, we also derive formulas for the entropy
production rate ¢ that, differently from previous results, involve second-order time derivatives of
position correlation functions. This novel feature gives a criterion for discriminating strong
nonequilibrium regimes without measuring forces. We then apply and discuss our results to three
analytically solved models: a stochastic switching trap, a Brownian vortex, and a Brownian gyrator.
Finally, we compare the advantages and limitations of known and novel formulas for o in an
overdamped NESS.

1. Introduction

A non-zero entropy production rate is a key feature of nonequilibrium [1-4] that characterises many
physical systems and natural phenomena. For example, it determines the efficiency of energy
transduction [5-8] and the breakdown of detailed balance in cells [9—13]. For this reason, the study of
entropy production is an active and prolific field in stochastic thermodynamics [14-25] and active matter
[26-32]. Thanks to technological advancements, it is possible to access microscopic systems where
fluctuations are relevant [31, 33-35], but entropy production remains difficult to measure. To this end,
several studies proposed approaches for measuring it in stochastic dynamics. Any trajectory in a diffusive
system displays a fluctuating entropy production. According to stochastic energetics [36, 37], such entropy
production integrates microscopic forces over displacements, corresponding to the heat delivered to the
reservoirs, and it is divided by temperature, as in macroscopic thermodynamics. Other approaches modify
this formula by considering gradients of forces [36]. Furthermore, the deviation from the equilibrium
fluctuation-dissipation theorem, as in the Harada—Sasa relation [38, 39], also determines entropy
production. Such an approach was successfully applied in several experiments [40—42]. Bounds for the
entropy production may depend on time irreversibility [43-50]. Other lower bounds derive from
thermodynamic uncertainty relations [51-61] with multiple applications [62—68], optimal bounds [69-71]
or waiting-time distributions [72-75]. Coarse-graining [76—83] and partial measurements [46, 84—87] also
influence dissipation estimates. Other studies have addressed colloidal particle models and systems [88, 89].
This work derives a multi-dimensional version of a recently introduced variance sum rule (VSR) [90] for
measuring the entropy production rate, hereafter referred to as 0. The VSR gives an exact estimator for o
rather than a lower bound. In [90], we have shown the performance of the VSR in measuring entropy
production in colloidal systems and red blood cells. The VSR sets a methodology to quantify the
thermodynamics of life [91]. A model-dependent, reduced-VSR, for example, provides the experimental
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estimate of the dissipation of active and passivated red blood cells even if partial information on the system is
available. Here, instead, we discuss in more detail the full VSR, in which all relevant degrees of freedom are
accessible by measurements.

The VSR (see (3) below) generalises the simple law of free diffusion and visualises the nonequilibrium
effects as a deviation from a linear scaling in time. Equation (9) below, its particular case (11), and (65), are
novel formulas for computing the average entropy production rate. Their innovation concerns using a
combination of variances of the system’s mean square displacement and its instantaneous forces. The starting
point of our derivation is the standard formula for entropy production as derived in stochastic
energetics [36]. An intermediate step (25) is also a novel formula highlighting how entropy production is
related to the time asymmetry of position-force correlation functions.

In the following, we illustrate the main results (section 2) and present the proof (section 3) of the VSR
and its entropy production rate for multi-dimensional overdamped stochastic diffusion dynamics. We
consider particle systems with a non-diagonal mobility tensor in contact with baths at different
temperatures. We then illustrate them by solving analytically three models in a steady state driven out of
equilibrium by different mechanisms: (i) a particle in a stochastic switching trap, or equivalently, a trapped
active particle (section 4), (ii) a Brownian vortex model with a nonconservative mechanical force (section 5),
and (iii) the Brownian gyrator driven by a temperature gradient (section 6). Finally, the discussion section
compares previous and new formulas for computing entropy production rates in overdamped systems.

2. Variance sum rule

The VSR holds for d-dimensional Markovian systems performing stochastic overdamped diffusion in a
nonequilibrium steady state (NESS), for which the probability density function p(x) does not change in time.
Their coordinates x = (x') (with 1 < i < d) evolve with the overdamped Langevin equation

kt:[,LFt-i-\/ﬁ-&t (1)

with constant symmetric diffusion matrix D and Gaussian white noise with moments (¢/,) = 0 and
(€,€,,) =0;;6(t' — t'"). The symmetric mobility matrix g multiplies the forces F; = F(x;,t), which can have
an explicit time dependence on an external protocol A;, provided that it establishes a steady state. We also

assume the second fluctuation-dissipation theorem D = kzTp, with diagonal temperature matrix T. The
Langevin model as described in (1) is complementary to other approaches based, such as the
Caldeira—Leggett model, where the thermal bath emerges as a collective system of harmonic oscillators
interacting with the Brownian particle [92].

In this work, two key dynamical quantities are the displacement Ax! = x/ — x} and the time-cumulative
force or impulse X' (t) = fot dt'F!,. In particular, we focus on extracting information from (co)variances of

these observables, which take the form Vg(t) = (AIA}) — (Ai)(A]), with ((-)) the dynamical average respect to
the NESS. One may express these variances in terms of connected correlation functions between variables
Al, = A’(x,/) and B),, = B/(x,//), which, for t = ¢’ — '/, are homogeneous in time and are defined as

Cly (1) = Cly (t',¢"") = (ALBJ,.) — (AL)(B],.). @

In these conditions, and using Einstein’s notation for sums over repeated indices, the d-dimensional VSR
takes the form

VA, (0)+ V¥, (1) = 2Dyt + 87 (1) 3)
where
V(0= (Axad) - (ax) (ax]) | 4
Vi, () = / dt’/ dt"'Cle (t', ) . (5)
0 0
We define the excess (co)variance,
t
S0 =2 [t [ (Ch (1) = G (1)) ©
0
where we indicate the symmetric part of a matrix C as
Ci+ O

o= =2 7)

2
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Figure 1. Schematic example, for a one-dimensional system, of the VSR’s components (see the legends) for (a) a system in
equilibrium and (b) out of equilibrium. We show both linear (left panels) and log-log plots (right panels). The grey-shaded area
represents the excess variance.

Clearly, S(¢) vanishes in equilibrium, where correlation functions are time-symmetric. However, out of
equilibrium & (¢) # 0. Figure 1 shows a sketch of the VSR in equilibrium and out of equilibrium for a
one-dimensional system. The main difference between these cases is the appearance of S(t) # 0 out of
equilibrium. Notice the different information conveyed by the linear plots (on the left) and the log-log plots
(right).

In the next section, we will prove that the curvature of S(t) for t — 0 is related to the entropy production
rate o which, in inverse of time units, reads

; (8)

t=0

o= ViDi;1Vj+ Di;lafsij (1)

where v = (x) is the stationary mean velocity, and Di;-l = (D7');. In terms of variances, we rewrite (8) as

o= V’Di;»IVJ + ZD;I(??VI] (1)

1 .
N + MV, 9)

=0
where V;j = <F iFi > — <F i> <Fj > is the force variance and we define the matrix M with components
My = D,-]_-l pir ik = kg ' T, ! M,?l ik it = kg " T i, (10)

(see further assumptions in the next session).

The solved models in the following sections have diagonal mobility and temperature matrices. Hence,
entropy production collects diagonal contributions from (9). By denoting the diagonal components with
wi = pii and T; = Tj;, the entropy production rate (9) is rewritten as

() + o

d d 1 1
; PV (1
) A

+’““v;;} ) (11)
t=0 2
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Here, for the variances of the displacement Ax’ and of the instantaneous force F', we have introduced the
notation

VA () = ((ax)") = (ax)’, (12)
Vi=((F)") - (F). (13)

Interestingly, in (11), the terms involving second derivatives are the only ones that can be negative. In
particular, they compensate the positive force variances at equilibrium to yield o = 0. As a consequence, we
have the inequality
d
1

o > max (o,,0) with o, = Z T DMV, (t)|t=0. (14)
i=1 1M1

Such inequality suggests the condition
0. >0 (15)

as a measure of a strong departure from equilibrium. We intend (15) to be more of a sufficient condition for
detecting clear nonequilibrium regimes than a necessary one. We cannot determine whether some driven
systems retain a negative second derivative even for arbitrarily strong driving. In practice, if relevant degrees
of freedom x' are accessible in a Markovian system while forces are not measurable, from (14), one can still
deduce that the system is significantly far from equilibrium, even if all mean drift velocities v/ = 0.

Before starting with the derivations, we recall that associated to the LE (1) there is the Fokker—Planck
equation for the probability density p; = p(x;,t),

opr=—V-J;==V-(vips), (16)
where J, = J(x;, ) is the probability flux and v, = v(x;, t) is the local mean velocity v,
v;=puF, —DVinp,. (17)

The excess variance can be related also to v,

t t’ . .
S;(1) :4/ dt'/ dr"’ [ng(t”)}“_] (18)
0 0

as explained in appendix C (using the results in appendix A, and the proof of null covariance between
position and mean local velocity in appendix B). In one dimension, a violation factor related to the excess
variance was previously introduced in [93], where it was shown that its magnitude measures the amount of
violation of the fluctuation-dissipation theorem. This confirms that S relates to the distance from
equilibrium and, thus, to entropy production and time reversal symmetry.

3. Derivations

We derive the formulas exposed in the previous section for systems evolving according to the stochastic
overdamped dynamics described by (1). Each degree of freedom i is in contact with a heat bath at
temperature T;. Hence, the temperature matrix is diagonal (T);; = T; d;;. We restrict our domain to two cases
in which the diffusion matrix D can be written as a product of T and a mobility matrix p:

(i) The system is in contact with only one heat bath at temperature T, i.e. T = T'1. As a consequence,
D = kgTp, with g symmetric;
(ii) Ty’s are different and (p);; = ju; 0y is diagonal, implying that (D);; = kgT; p; 0.
To generate a NESS, the force could be a time-independent, nonconservative function of the position,
F; = F(x;). In other cases, it could take the form F; = —VU(x; — vt) if U(x) is a potential energy and v a
constant velocity. For example, imagine a harmonic optical trap whose centre moves as A; = vt. Another case
leading to a steady state is when A, also performs an autonomous stochastic motion (i.e. not depending on
x;), as in the model of section 4. ) )
We denote time derivatives of the correlation function (2) as CXB(t) = 0,C4 (). Their limit
CZB(O*‘) = lim,_, o+ .CZB(t) is always taken for positive ¢ approaching zero. Also, in case i = j, the notation is
simplified to C,; = Cii,.
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3.1. VSR
We start from the time integral of equation (1) with rearranged terms,

t t
Athxt—xof/ dt'uF, :\/ZD/ dr'e,, (19)
0 0

where we defined AR, which is useful for calculations. Of course (AR;) = 0, while components of its
covariance are (with [CY]'=7 = (CV + C) /2)

Vig = Vax (8) + pi iV (1) =2 / dt’ [ Cov (x — xb), F*,/)] =7 = 2D;t, (20)
0

with (co)variances VZ(t) = <A;A1t> — (Al (Ai) defined in the previous section and where, for the last term, we
used the properties of the Gaussian white noise. We also continue to use Einstein’s notation for repeated
indexes. To complete the proof, we exploit the time homogeneity of the correlation functions to rewrite
equation (20) in a form equivalent to (3),

VAL sV, (0 = 2D+ [ s (G () - G 0)) . o
0

3.2. Entropy production

The mean entropy production rate o is constant in a NESS. Hence, the entropy o df produced on average in
an infinitesimal time interval dt does not depend on the observation time #'. According to stochastic
energetics [36], for a system described by (1), in kg units for o,

1 i i
adtzzm< i odxl) (22)

where T; is the temperature associated to the ith degree of freedom, and F}, o dx!, is the Stratonovich product
between the force in the interval [t',# + df] and the displacement dx}, during that time step. Focusing on the
average product of force and infinitesimal displacement, corresponding to the average infinitesimal amount

of heat (dQ’) = (F/, o dx!,) going to reservoir i in a time df, we can write

<F;, delt/> = *<(Ftll +dt+ Ftl/) (.xlturdt —xi/)>

2
1 . . . . .

= (B +dt+FL) (g =i +7 1)) (23)
1r . . . .

=3 [Cr(an) = Gy (@n)] + vy v ar

where i = xi — 't is the position in the frame moving at constant speed v/, where correlation functions are
indeed homogeneous in time. Also, in (23) we used that equation (1) implies 1;;(F/,) = v/, and

Mi]fl = (p™");. By performing a Taylor expansion up to order df, one gets

“lyide

( f, odx}) = [C;,F (0+) — C]:y (0+)} dt+ Vi,uij

(24)

N =N

[Cle (07) = Gy (0) | de+ vy idte,

Here, we use that correlation functions involving ! are equal to those involving x! up to a constant scaling
linearly with time. With (24) we rewrite (22) as

i1 1 s -
a—vDijlv’—&—Zi:szTi[ 1 (0%) = Gy (07)] (25)

where Dij_-1 = (D_l)l-]- and D satisfies one of the two conditions (i) and (ii) listed at the beginning of this
section. To our knowledge, (25) is a novel result, connecting ¢ in (22) with the time asymmetry of the
position-force correlation functions. This formula is the intermediate step in the derivation of our main
results, continued hereafter.
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3.3. Entropy production from the VSR
Consider now the multidimensional VSR (21), multiply both sides by Di]f-l and sum over i, j, hence obtaining,
in Einstein notation,

D,;IVJAX (1) + MVy, (1) = 2dt + 2D} /0 dt’ [y (Ch: () — CE(¢1) ] 7, (26)
where d is the total number of degrees of freedom and
Mij = D i g - (27)

In d =1, the latter corresponds to M = pi/kpT. Because of the hypotheses made on the diffusion matrix, it

holds that kg Dilukj = (Tfl),‘j = T;l, implying that the last term in (26) becomes

t t B B
2D;" /0 de’ [ (C (¢') — G (1)) = 2k ' T /0 dr' (Cl(t) = CL (1)) - (28)
Since the latter is diagonal, one can rewrite equation (28) as

' ij (1 il 2 ' / i / i /
ZkEITi;I/O d’ (CZF(t ) = Cry (2 )) = Z kBT'/() dt’ (Cop (1) — Ce (1)) - (29)

Finally, by taking the second derivative evaluated at t =0 of (26) and using (25), (27) and (29), one
immediately sees that

im—1., Lo— ij 1 i
o=vD;'V+ ng RV, (D=0 + EM,-]-v; , (30)
because M,-,-a,zvgp(t) =0 = ZMing . Hence, the latter equation corresponds to (9).
4. Stochastic switching trap

In this section, we start the illustration of the VSR with analytically solved models. First, we provide more
details on a model presented in [90] where a Brownian particle with mobility p, in water at a temperature T,
is driven by a harmonic trap whose centre A, jumps stochastically between the positions {0, AA}. The
potential energy thus is U(x;,0;) = r (x; — AX6,)” /2, with dichotomous stochastic variable §, = {0,1}. The
trap undergoes a Markovian jumping dynamics with jumping rates w; for the 0 — 1 transition and w; for
the reverse one. Each jump of 6, changes instantaneously the particle’s potential energy by performing a
mechanical work that, on average, is positive. This injected mechanical power equals the average heat flux
dissipating energy to the bath, which leads to a positive average entropy production rate o. The stationary
average of 0, can be written as g = (6,) = w,/w, where w = w + w). A Langevin equation models the
dynamics of the particle’s position,

kt:—uli(xt—A)\et)'i_\/mgt? (31)

with (§,/) =0and (£,/& /) = 6(t' —t'"). We will show how to calculate relevant quantities in terms of
stationary connected correlation functions Cyy(t), Cxg (), Cox(f) and Cyg(2). To compute these correlations,
we turn to a finite time-step description of the dynamics,

S = % — prxdi+ ju AN, dt -+ /2 ks T dB (324)
Orvar =0+ (1 - 290 S} (Werdt_ 1’) (320)

where r is random variable with uniform probability distribution on [0, 1], ©(+) is the Heaviside step
function, and dB} = f:+dtdt§t is a Wiener process. By multiplying (32a) respectively by x, or 6, then taking
stationary averages, and removing products of (x;) = (xo) = g A\, (6;) = (6y) = g, one obtains

0Crx (1) = =116 Cr (1) + pt AX Cox (1) (33a)
0:Cyp (t) = —urCy (t) + urk AXCyg (t) . (33b)

In a similar way, by multiplying (320) by x, or 6, we get to
91Cox (1) = —wCax (1) , (33¢)

6
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9:Coo (1) = —wCoo (1) - (33d)
Similarly, the stationary initial conditions

ks T | kAN pg(1—q)

= —_— + (R . i
K (w+ uk)
kA g (1 —

ng(o): W—‘rqlgli q)

Coo (0) =q(1—q)

Cie (0)

- C9x (0) (34)

emerge from terms of order dt in the self and cross-products of equation (32). With these initial conditions,
we solve (33) with standard techniques, obtaining

2 o 2 2 -
Cu (1) = ks T | £AX pq(l—q) e7,L,~”+(/<LM) pq(l—q) (et — )
K (w4 pk) w2 — p? K?

Apg(1— Arpq(l—
)= SO0 =) s, $ONBA0 ) (s oy

ng(t
w+ UK wW— UK (35)

) — HA)‘:U’q(l 7‘]) e HKt
W+ UK

Coo (1) =q(1—q)e™".

CGx (t

From these correlation functions, and by defining e = kKAX4/g(1 — g), one can compute the variance of the
relative displacement, that is

Vax = {(x—x))
2 (Cxx (0) - Cxx (t))

2 2,,2
=2 |:(kBT_|_€'u)> (1 _ef,unt) + €l (eim—eil‘m)

K k(w4 pk w? — p? K?

(36)

Note that € can be interpreted as the strength of an active force [90] and for € =0, one recovers the usual
formula for the relative displacement of the equilibrium Ornstein—Uhlenbeck process, Cy,(t) =
(kgT/K)e " The second term we need for the VSR is the variance of the time integral of the force

F; = —kx; + £ AX0,. The symmetry of the correlation functions (F; F;/+) grants that

t t t t
VEF(t) = / dtl/ dt’’ <Ft/F,H> :2/ dt// d'[”<Ft//F0>. (37)
0 0 0 0

This allows computing
t t/
Vi, (0 =2 [ dt’ [ v (RCa(t) + (R8N Can (1) = 2B (Cun (1) + Cax "))
0 0

2 knT 2 —puKt —wt
=|:B(,u:‘£t+l—e_l“ﬁ)—|—€(]_we 4 HRe )}
pr L op (w+ pr)

(38)

We may compute S(t) with the VSR and equations (36) and (38),

S(t) =Vax, () + 1* Vs, (1) — 2ks Tt

462 Wef,unt ,LLI{Cth (39)
= 1— + .
K (W k) ( )

W—UKk  W— UK

An example of the temporal evolution of all terms of the VSR derived above is shown in figure 2.
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Figure 2. For the stochastic switching trap, various quantities in the VSR vs time (see legend), for (a) ¢ =0 (equilibrium) (b)
€ =3/2,and (c) e =3. Common parameters are w = 2/5, kgT = p = k = 1. The grey area represents a positive S(t).

Figure 3. Entropy production for a particle in a stochastic switching trap as a function of the nonequilibrium strength
€ = kAX\/q(1 — q). The parameters are the same of figure 2.

Finally, we can also compute the average entropy production rate in a steady state (with no drift, v=0).
From (11) we get,

1, e
- () im0 = — - -7
ALMIcBTatVA (1) li=o it 2kgT(1 4+ kp/w)
2
[ ep
— e 4
ZkBTVF it 2kgT (1 + kp/w)’ (40)
hence
1 0 e p
o 9, Vax(t) =0 + Vr (41)

- 4pkgT 2T 5 kgT(1+ kp/w)

(see also [94]). As expected, o is zero for € = 0, namely in equilibrium, where the two terms

4”ITBT(??VAX(t) =0 = —rp and 57 Vr = kp cancel each other. As also shown in figure 3, by going gradually
further away from equilibrium, one reaches a value of € where the curvature 9?Va,(t)|—o changes sign and
there starts a regime of positive curvature that is, according to the criterion (15), a clear sign of
nonequilibrium conditions.

We can also check that this expression matches o from the stochastic energetics equation (22),

1 .
g = m_‘ <Ftoxt>
K . .
= ﬁ <—xtoxt—|— A)\Otoxt>
B
K 1d (42)
_ Ry W _
= o7 [ 3@t Tuas <0to ( KX, + kAN, + 2k T/ 1 gt) >}
AN NN G (0) — G (0) = o P
kT 00 G ksT(1+ kp/w)

where between the last two lines we used that (x?) is constant and that (6,0 ;) = 0.

8
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=

Figure 4. Components of the force field for the Brownian vortex model with ® = 2 and o = 1/2: black arrows are examples of
the conservative component f, = —V U along equipotential lines, red arrows are the nonequilibrium field f on the same points.

5. Brownian vortex

We consider the Langevin equation (1) for a particle with mobility i subject to a nonconservative force field
in two dimensions. Its position is denoted as x; = (x;, y;). A parabolic potential U(x,y) = r1x?/2 + k2y* /2
contributes with a conservative force f,(x:,y) = (—K1X¢, —k2y:) to the dynamics. In addition, in the total
deterministic force F = f. 4 f there is a non conservative component f(x,y) = (—®,y, ®,x). The
non-conservative and non-reciprocal force f(x, y) is known to drive the system out of equilibrium [87, 95].
By setting k1 = ak, Ky = K, | = ® and @, = a® here we specialise to a case in which f, L f, see the sketch
in figure 4. Moreover, we take a diagonal diffusion matrix D;; = k3T 6;;. The dynamics is thus given by a
coupled pair of linear stochastic differential equations,

k= p(—arx, —@y) +/2kgTp &
yie=p(—ky+a®x)+/2ksTr &,

with (£,) =0and (£,€),,) = 5;5(t' —t'").

[/ ’
One can easily verify that the stationary solution of the FP equation has the same Gaussian shape as it

would have in equilibrium (i.e. for & = 0),

(43)

2 2
st akx; + Ry
~ _ 44
pt eXp ( ZkBT ) ) ( )
which implies that (x;) = (0,0) and
. keT (1 O
Vi =222 < ) (45)
ak \0 a

where V! = (xixl) — (xi)(x]) = (xi«]) is the covariance matrix. Moreover, the mean local velocity defined
in (17) becomes

vi=p (=VU+f,) = ksTuVinp' = puf,, (46)

showing that the non-equilibrium state is due to the nonconservative force f.
In the following we find analytically the terms of the VSR. To calculate relevant quantities associated to
the Brownian vortex dynamics, we apply the Laplace transform £(g;) = & = fooo dte g, to (43),

sks—xg=—apurxs—pPy+2kgTp éf
’ A 4 > (47)
SYs—yo=—puKrPs+apu®x+/2kgTp &
(where £(g;) = s¢; — g), which can be rearranged to get
<x> ) (xo + V2T 5) 5)
] =X N
J yo+2ksTp €]
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In these equations, written in matrix notation, we introduced the susceptibility matrix, defined via its

R 1 s+pux  —pd
Xs = 252 ’ (49)
(stapr)(s+pr)+ap? @\ aud s+apk

Laplace transform,

By further defining the function

, / (=o'
sin (tu a@z—i‘”>

1
T; =, _ e—ﬁ/}.(l—‘r(x)t/Z ’ (50)
(s+apk)(s+ pk)+ ap?d? (1—a)?k?
py a®? — =
one can rewrite the susceptibility matrix,
Ti+usT,  —p®T,
Xt = ) (51)

apdT,  T+apsT;

where we also used that 7, = £~ [s 7}} because 7 (0) = 0. With this, by performing an inverse Laplace

transform of (48) to real time, the solution of (43) can be expressed as
xXo= X7 x)+ \/ZkBT,u/ dt’x? . ¢, (52)
0

where summation over repeated indexes is understood. In a stationary state with PDF given by (44) it holds
(x;) = (0,0) for every t and clearly (52) is consistent with this. Moreover, by using (52) one can easily
calculate the steady-state correlation functions

<xtxg> =Xt <x0 xg> = Xth

kT [THueT, —ap® T, (53)

ar\ audT, a'j;—kazufiﬁ

where we used equation (45) and that, in the Ito convention, (£(') xo) = 0 for every t' > 0.
The correlation functions shown in (53) are the building blocks for covariances of the VSR. We proceed
by computing first the covariance matrix of the relative displacement,

Vax(t) = <(xt — ) (xtT - x0T)> — (% — x0) <xtT _x0T>
=2 <x0x0T> — <x,xg> — <xtxg>T
2kT (1~ T+ pukT; 0

oK 0 a(l—’ﬁ—&—um'ﬁ) 5

where we used (x; — xo) = 0.
The covariance matrix of the integral of the forces can be calculated by noting that

—akx—
F(xt>=< s ”>, (55)
—ky+adx,

meaning that the correlation function (F,/ FtT,/> can be again expressed in terms of the components of (53),
and that (F,) = 0, which leads to

t t
Vgp(l’):/ dt'/ dt'' (F./ F}.,)
0 0

(OLHZ—F(I)Z)']?.//—F
= 2kBT/tdl‘//t/dt// +aMH(HZ+¢2) Terr
0 0

K

20K(1—a) T (56)

(Kz —|—a(I)2) 7;.// +

20k (1 — 7-.//
( )T +apk (k*+ @) T
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Figure 5. For the Brownian vortex, various quantities in the VSR vs time (see legend, where Vs, stands for a component of the
covariance of integrated forces in (56)); columns of panels are, respectively for x-x, y-y, and x-y covariances. Common parameters
are kT = p = Kk = 1, @ = 1/2 and different rows are for (a) ® = 0 (equilibrium) (b) ® = 3/4, and (c) & = 3. Each column of
panels thus shows the same component of the VSR at different levels of nonequilibrium. Note that Dy, = 0 and S, is the only
nontrivial term in the x-y sector of the VSR. The grey areas represent a positive S(#).

Finally, one can calculate the excess variance S(t) by applying (6) and one gets

S (1)

_ 4,u2kBT/tdt, 2T,/ dr(1—a)Ty
0 bk

(1—0[)7;/ @27;/

(57)

We have thus obtained all terms in the VSR for the Brownian vortex. As an illustration, in figure 5, the
first row shows examples of the VSR (3) for the Brownian vortex in equilibrium (® = 0), corresponding to a
simple harmonic trap, while the second and third rows show how the excess variance S (grey area) grows in
nonequilibrium conditions and how the sum of position and force variances deviates from 2Dt while still
fulfilling the VSR. Since the particle is trapped by the harmonic potential, the variance of the displacement

converges to a constant at large times (see xx and yy components in the first and second column,

respectively). Its oscillatory convergence in a strong nonequilibrium regime (figure 5(c)) is due to the
vorticity induced by the nonconservative force f. The asymmetry of the system (o = 1/2) induces also a

non-trivial cross-covariance between the x and the y components (third column of figure 5).

From the above terms of the VSR we can compute the contributions to the entropy production rate o.
The diffusion matrix D is diagonal, hence we only need the x-x and y-y terms:

1 u(sz—cmz)
PVnslimg = A~ )

4pkg T Va0 2K
1, _ p(a®? — k)

4,ukBTa’ Vaylizo = 2K
poy, _n(@tar)

2kpT 25
i nlanie)

2ksT 7 2k
O_:(I)ZM(I—’_Q)

K

11

(58a)

(58b)

(58¢)

(58d)

(58¢)
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Figure 6. For the Brownian vortex (T = p = k = 1, @ = 1/2), entropy production rate o vs the strength of the nonequilibrium
force @, and terms contributing to it. The sum of the second derivatives of the displacement’s covariances, o, becomes positive at
® = 1. With (15), we deem & > 1 a strong nonequilibrium regime.

Here o is computed directly from the second derivative of S(t) and, according to our equation (11), it is
equal to the sum of the terms in (58a)—(58d). The expression (58¢) also matches o obtained with the
formula [96, 97] using the local velocity v from equation (46),

_pe

o= (D' vy =12 () 4 a2e)) = 2T (59)

kBT KR

where we used (53) along with <xtxtT> = <x0xg> in this NESS (because (x;) = 0), and Ty =0, ’7; =1,cf
equation (50). Note that o does not depend on the bath temperature in this model.

Figure 6 shows the various terms composing o. The illustration shows that pairs of mutually
compensating terms (58a)—(58¢), and in (58b)—(584) cancel each other in equilibrium, i.e. at & = 0.

Empirically, the measurement of the local mean velocity v gives estimates of o [15], even if forces were
not measurable. In addition, one could use (14) and (15) along with (58a) and (58b) to infer o > 0 and
strong nonequilibrium conditions. In this model, we know that this occurs for ® > &, i.e. where the sum of
terms with second derivatives turns from negative to positive. It indicates that Va.(t) and Va,(t) grow faster
than normal diffusion ~ t at short times.

6. Brownian gyrator

The Brownian gyrator is a minimal model for microscopic heat engines operating on the nanoscale [98].
Some of its experimental realisations use circuits with components at different temperatures [88, 99-102].
Following previous theoretical works on this topic [87, 103—107], we consider a set of two LEs with a
parabolic potential U(x,y) = r(x* +y*)/2 + akxy, where —1 < o < 1 is a factor determining the
asymmetry of the potential landscape and with diffusion matrix equal to

kBTl M1 0 )
D= 60
( 0 kgT pia (60)

hence leading to

. (61)
Jr=—po (kyi+akx) +v2ksTopa &,

{xr = —H1 (“xt + a’f)/t) +V2kgT) 11 gf
with (¢/,) = 0 and (¢, i,,} = 0;0(t" —t'"). The solution of this model is in appendix D. In the following, we
show examples of its VSR and discuss the terms contributing to entropy production.

In figure 7 we show an example of VSR for all components of the Brownian gyrator. In this case, there
emerges a novel behaviour for the excess variance S(¢): it turns out to be negative for the component y-y,
which is the degree of freedom in the reservoir at higher temperature T, > T.

12
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Figure 7. For the Brownian gyrator, various quantities in the VSR vs time (see the legend, where Vs, stands for a component of
the covariance of integrated forces in (D.17)); columns of panels are, respectively for x-x, y-y, and x-y covariances. Common
parameters are kgT1 = 1 = p2 = k = 1, @ = 3/4 and different rows are for (a) T, = Ti (equilibrium), (b) kg T> = 2, and (c)
kT, = 3. For the x-x component, the grey area represents a positive S(t) while, for the y-y component, the pink area represents a
negative S(1).

From the various (excess) variances found in appendix D, we can compute the contributions to o (11).
As for the Brownian vortex, since the diffusion matrix D is diagonal, we just need the x-x and y-y
contributions to o,

1 azm,uluz (Tz — T]) R
— P Vasleo = - — 62a
4kpTy * axli=0 2(p1+p2) Th 2 (624)

1 Prppn (T —Ty) K
aZVA o= - = (62b)

4pokpT, sl 2(p1 + p2) Ta 2

2 T, — T

1 Vp, = @’ kpnpiy (T, —Ti) | K (620)

2kgTy 2(p1 +p2) Th 2

2

142 &y (Ty —Ta) | Ko
Vi = —== 62d
2T, 2(p1 + p2) Ta 2 (624)

T,—T
o0 = (62a) + (620) = a2 P12 = T1) (62¢)

(1 4 p2) T

ppa (Ty — T)
o, = (62b) + (62d) = o’ — 22 (62f)
y ( ) ( ) (/141"’_/1/2) T2 f

2

123¥2%) (TI_TZ)
oc=o0,+0,=0c’K . (629)
v mtp T, &

From this expression, one can note that o becomes equal to zero if global equilibrium with T; = T is
established or if the potential energy has no cross term (« = 0), preventing energy transfer between x and y
components, which thermalise independently.

In figure 8 we plot all terms above as a function of the temperature difference T, — T;. Due to energy
equipartition, (62b) is equal to (624) in equilibrium, where also (62a) = (62c¢) for symmetry. By increasing
the difference T, — T}, we recover that the degree of freedom at the higher temperature (y) extracts on
average heat from its reservoir (T,0, < 0). The system delivers it to the colder reservoir (T)0, > 0), with total

13
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Figure 8. For the Brownian gyrator with the parameters of figure 7, we plot various terms contributing to o and its total value as a
function of the temperature imbalance T, — Ti. According to (15), strong nonequilibrium conditions emerge where the sum of
the second derivatives of the displacement’s covariances, o, becomes positive.

entropy production rate o > 0. Again, we note a point T, — T} ~ 8 where the sum of second time-derivatives
(62a) and (62b) of the displacement variances (Va«() and Va,(t)) become positive, marking the onset of the
strong non-equilibrium regime where o, > 0 (cf equation (14)).

7. Discussion
We have studied the recently introduced VSR [90], which helps visualise the degree of nonequilibrium in

overdamped diffusive systems and leads to novel formulas for the entropy production rate o. In
dimensionless units, our main formula (8) for o reduces, for diagonal diffusion matrices, to (11), i.e.

N L oy, Hiysi
o ;kBT,- [%atvm(t) t:O+ ZVF} : (11)
For the first time, (11) shows that the second-order time derivative of the displacement’s variance contains
information on the dissipative processes underlying the particles’ dynamics. The sum of these derivatives is
negative in equilibrium to compensate for the positive sum of force variances. This leads us to introduce a
criterion for discriminating strong nonequilibrium conditions, marked by the point where the sum of
second-order time derivatives of displacement’s variances, o, becomes positive, see (14) and (15).
Equation (11) and the more general form (9) with their second-order time derivative term at time zero bear
resemblance with the short-time thermodynamic uncertainty relation derived by Manikandan and
collaborators [47, 79, 108]. In this case, currents must be optimised to find good estimates; however, in most
cases, o values are too small [13, 109]. Previously, a relation between activity and the displacement variance
was proposed by Bohec et al [110], which connects the correlations between activity and position to the first
time derivative of the displacement’s variance. An intermediate step in our derivation is (25), which here is
simplified for diagonal diffusion matrices to

_ U | iy, Clr(0F) = Gl (0)

This formula stems from the standard one for entropy production in a NESS, derived in stochastic
energetics [36],

1/, dx
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Figure 9. Estimations of o for the stochastic switching trap experiment of [90] obtained from the VSR (11) (red, oysr) and the

formula from stochastic energetics (22) (blue, o'sg) at various values of A\, compared to the theoretical prediction (41) (black
line).

for which Sekimoto [36] also provided an alternate version,

U:ZkB’}i [<(Fi)2>+kBTi<gi;>] (64)

We may rewrite (11) to get closer to (64). Since the average velocity v/ = (x! — xi) /¢ is related to the average
force by v = y1; (F'), one can reshape the variance of forces Vi = ((F)?) — (F/)* = ((F')?) — (v /p1;)? in (11).
Furthermore, since the variance of the displacement is related to the autocorrelation function

Vi (8) = (()?) + ((x)?) — 2(xixd) — (xd —xé)z), we can rewrite (11) as

d i\ 2 - ‘
o= ;zkfn [(;) +{(F)’) - %8,2(3’“(1‘)

1

1 . (65)
=0

This formula is our last new result. Note the presence of a 1/2 prefactor in (65), which is not present in (64).
All formulas above rely on measurements of forces, and (22) is the simplest among them and does not
need mobility values. The formula (64) is purely based on instantaneous averages but requires the knowledge
of the forces’ gradients, which might be nontrivial to obtain. Knowledge of forces can lead to good estimates

of o [49], but an experimental challenge is sampling stochastic trajectories with a fast enough rate of 1/dt.
Indeed, a slow sampling rate could bias the estimate of the Stratonovich integration in (22), making it less
appealing than the other formulas involving instantaneous averages, which do not depend on the sampling
rate. For example, a numerical simulation of the Brownian vortex model of section 5 shows that the precision
of the VSR in predicting o is higher than using (22). This is apparent upon decreasing the sampling rate,
which equals the inverse of the simulation time-step [111]. In particular, the estimate’s precision using the
Stratonovich product (22) underestimates the true value by 20% when the sampling rate decreases by one
order of magnitude beyond the system’s relaxation time. In contrast, the value of o obtained with the VSR
remains insensitive to the sampling rate. Consequently, the VSR might be useful in numerical simulations
with limited computational resources, where a low sampling rate is needed to simulate traces over sufficiently
long times. Similar considerations apply to the analysis of experimental data recorded at low sampling rates.

As an example, figure 9 shows estimations of ¢ for the stochastic switching trap experiment with optical
tweezers using the data of our previous work [90] (see [90] for the details on the data and parameters). The o
obtained from the Stratonovich integral (22) systematically underestimates the theoretical prediction (41)
from known parameters, especially for large AX. Conversely, the o obtained from (11) (red symbols) is
closer to the theoretical line. Data were acquired with dt = 107> s, which might be too long and yield a biased
discretized estimate of the Stratonovich integral (especially when a large A\ induces large force jumps) but
still short enough to measure the curvature in time of the displacement variance.

Our novel (11) and (65) replace estimates of forces’ gradients with computations of second-order time
derivatives. Moreover, since y; enters both their numerators and denominators, they are sensible to the
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values of mobilities. They can thus be used in conjunction with the other formulas for ¢ to perform solid
parameter estimations.
If forces cannot be measured, one could estimate local mean velocities v/(x) to use

o={(v Dilu> (66)

for measuring the entropy production rate [15, 96, 97]. Such an approach does not work for confined
one-dimensional signals, such as optical tweezers measurements of flickering red blood cells [12, 90]. In this
case, one can use the Harada—Sasa formula to compute ¢ without measuring forces [38, 39]. However, it
needs the computation of the response R’ to linear forces, eventually performed with active measurements
by space-independent oscillatory forcing in Fourier space at all frequencies w /2,

{(vi)2+/oo i—: [Ci (w) —Re (Rix(w))]}. (67)

R
? ; kaT, 11 .
If the response of the system cannot be measured, the last solution is replacing it by some modelling. Indeed,
the reduced version of our VSR [90] can detect and quantify entropy production from one-dimensional
signals.

The VSR sets a resource for deriving entropy production rates in non-equilibrium systems. It relies on an
equality between the sum of the variances of displacement and impulses. Whenever positions and forces are
measurable, one can extract the excess variance to derive o using (8). The result should not be different from
what can be obtained by directly measuring ¢ using the standard formula from stochastic energetics
involving the time-average of a Stratonovich product between forces and velocities, (22).

If forces are only partially measurable, then the VSR cannot be directly applied. To overcome this
problem, we have introduced in [90] a reduced-VSR that combines the measured forces with those that
remain inaccessible, using a theoretical model for the latter. The reduced VSR yields a new equality similar
to (3) relying only on the impulses of the measurable forces on the left-hand side and a new
model-dependent excess variance Sin the right-hand side. For practical applications where the knowledge of
forces is limited, a model prediction is fitted to the reduced VSR. The tight constraint imposed by the
reduced VSR over the experimental timescales, typically spanning several decades, gives robust predictions of
o, linking modelling to energetics. Therefore, exactly solvable models are key to deriving o from
experiments. Whenever models are not solvable, numerical approaches can be useful. Examples are methods
based on machine-learning [112, 113], simulation-based inference [114, 115], and reconstruction of
force-fields [116—118]. Exactly solvable models combined with the VSR find applications in cases where the
accessible experimental variables have Gaussian statistics hiding nonequilibrium behaviour and ¢ [103,
119-121]. The vast amount of existing work on stochastic thermodynamics models and the large amount of
available experimental data in systems at the nanoscale foresee new applications of the VSR.
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Appendices

The first three sections of the appendix show how to express the excess variance as a function of the mean
local velocity. First, we derive two results necessary for that proof: we express a response function in terms of
the mean local velocity (appendix A), and we prove that there is no correlation between position and mean
local velocity (appendix B). Finally, appendix C derives the excess variance.

In appendix D, we report details on the analytical solution of the Brownian gyrator model.
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Appendix A. Response function

For dynamics following the overdamped Langevin equation

xt:NFH‘\/E'ét (1)

Ri(t,t') = <§§f> . (A1)

VEIDRRA (1) =2 ()~ ) ) (A2)

with response theory. Equation (A.2) reproduces linear response relations based on the mean velocity v [93
122] and will be useful in appendix C for expressing the excess variance as a function of v.
If a perturbing potential —hV(x) is added to the system so that the total force becomes

we aim to compute the response function

and prove

(F:ot)j:th+ﬁt:th+ht Oy Vi, (A-3)

a formula for the response in the steady state of an observable O() to an instantaneous variation of h;/
is [123-125]

50, \ i (d 1 . 1
< ) > = (ksT); (dt,«om — (O (L = L) Vi) = 540, B vi/>) , (A1)

where Tj is the diagonal temperature matrix and L, and L, are, respectively, the generator of the dynamics
and its conjugate. For the systems we are considering, they are equal to

Ly = pix F' O + Dix 030, (A.5)

Lf = — ik Fitaxxg — Dy 8x; 8}{5 + 2Dy (3,(; lOg(pSt(xt)) 3x1; (A.6)

where Einstein’s notation is understood and p*'(x;, t) is the stationary distribution obtained from the FP
equation associated to (1). The same formal reasoning that leads to (A.4) can be applied to the thermal noise,
which near equilibrium leads to the famous Onsager regression hypothesis. Indeed, we see that the Langevin
equation can be rewritten as

fp,'ijHr\/ZiD,’jf{:ﬂij (thJrﬂj?l\/zilegtr) J (A7)

meaning that the thermal noise can be seen as a small perturbation to the deterministic dynamics driven by
F; and arising from the perturbing force

fe=uy"' 2Dy €. (A.8)

Moreover, comparing this last equation with (A.3), we identify

Vi=x{u;"\/2Dj (A.9)
=& (A.10)

so that (A.4) specialises to

00, o
<5§{/>_ « V2Da ! (dt’ (Opxpr) — <Ot(Lﬂ—Lt,)xt,>/2> (A.11)

as a consequence of y;; and Dj; being symmetric and 0,V; = 0, because 0 is a partial derivative and V;
in (A.9) does not depend explicitly on time. The response function (A.1), for an observable O = x/,
with (A.11) becomes

RO 01 = (e V2D (g0 = 6 (Lo~ L5 ) 2) (A12)
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Let us calculate the term involving the generators of the dynamics, i.e.

(Lt/ — Lf,)x;, =2 (/Llekt, axi/ + Dy 8xf/ 64/ — Dy (8)(1:/ log(pit,)c’)xi/) X}/

(A.13)

=2 (,ukrFkt/ — Dk,axlr{/ log(p§5)> =2 l/tr/ s
where v} is a component of the steady state mean local velocity defined in (17). By plugging equation (A.13)
into (A.12) and relabelling indexes, one obtains that

RI (1,1 'V/2Dy Hyy (dt’ XX — 1/[,>) . (A.14)

Hence, one can also note that

d

V2DaR*(t,t') = \/2Dy (ksT).' /2Dg ;! (dt (i x) — (xg Vtr’>>

4

— VDD () i () — )
:ZDjsD;l (dd/<xtxt ) — <xt v >>
d i i
—2 (b= ) (A15)

where between the first and the second line, we used that, if T and its inverse are diagonal (but not
proportional to the identity), also D and p are diagonal and hence all matrices involved in the previous
formula commute. Instead, if T is proportional to the identity, it trivially commutes with all matrices. For
the same reason, we have that D™ = (ksTp) ™' = k5 ' T~! ="', motivating the step between the second and
the third line of (A.15).

Appendix B. Null covariance between position and mean local velocity

In a steady state with nonzero mean drift velocity v = (r) and constant diffusion matrix, we may write the
position x; = v+, as a sum of a deterministic component v¢ and a random component y,, whose average
,) = (y,) = (y) is constant so that (x;) = vt+ (y). This is indeed a consequence of Galilean invariance
applied to the LE [126]. Therefore, the steady-state averages involving x, and including terms scaling linearly
with time, are grounded on those as a function of y. The same is true for two-time correlations. Moreover,
taking averages at time zero is convenient because xo = y,,.

We show that there is zero covariance between position and mean local velocity:

{Cov (yi,ui)} == [Cov (yé,lxé)} == [Cov (xé,ué)} =i=0 (B.1)
where, e.g.
[Cow (s04) 1 = [l (0] =1 = Ce 0+ @
= 2 (0 — i) + () — () 04 (52)

This result will be used in the last steps of the derivation in appendix C.
First, using the definition (17) of the local mean velocity, we note that

[ ] = [ P0] T [ o (D ()] =
=l o o]+ s (D3 )]
= [pjelxh FX0)] =7 +Dy;. (B.3)
The next step involves equating
() = (xhh) + 2 [ F&)] "=dit + 2Dydr (B.4)
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obtained from the LE to the same expectation derived from the change of variable x4, = y,, + vdt,

(i) = OY) +2 [V ()] 7 Fide+ O (dP) . (B.5)
Since (x} ) {(y'y/), from (B.5) and (B.4) to order dt, one gets

[V ()] =7 = [ (xh FXo)] =7 +Dj; . (B.6)

which has the same right-hand side of (B.3). Hence, from (B.3) and (B.6), we finally find

[ 200 = [V )] = = [ty )] (B7)
showing that the symmetrised covariance of x}, and I/é is zero.
Appendix C. Excess variance as a function of the mean local velocity

We show that the components S;;(t) of the excess (co)variance can be rewritten as a double-time integral of
the symmetrised connected correlation function

ij = Cl] +Cﬂ Ly iy i i
[, 0] = = A GO L gy o)+ ) - @ 04) )
of actual velocity x, and mean local velocity vy = v(xp):
t
Sij(t) = / dt’ [Cov (x} — xp, pn F*r)] =7 (C.2)

_ /dt/ ar [, ()] =, (C.3)

To rewrite the integral in (C.2) as twice the double integral in (C.3), we start by noting from the LE (1) that
t
,LLij/ dtr’ th/ = xi 7xf) — \/ZD,‘]‘/ dt’ §t’ , (C.4)
0
leads to
1) = |:Ujk/ dt’ Cov (x’t—xg , Fktr)} =y (C.5)
= (9 {, /2 D]k/ dr’ (x &k, } = (C.6)
ij 3, iz
= Ch, (1) A /2D]k dt 5§k ] (C.7)
t/

=l (n-2 {(xt / dr'( } (C.8)

=%%ww%wﬁﬂwﬁ44Wﬁ—@—w@—@. (©9)

To get from (C.5) to (C.6), we use Cov(x!, &)= (x’tf;,) (because (¢!,) = 0) and fotdt’ (x) fi,> = 0 since
(xi §£,> = 0 almost everywhere on [0, #] for every {ij}. The step to (C.7) derives from the Furutsu—Novikov
formula [127, 128], which relates the position-noise correlation (x‘[ fi‘/> to the response function (A.1)
derived in appendix A. In (C.8) we replace the response function (A.2), while the last step to (C.9) uses the
expansion

Cov (=, b —xh ) = (w16 + (xh xd) — () — (o ) — () — xd) o — ). (C.10)

When expressing correlations as a function of the position y, = x; — vt (see appendix B), several terms
drop out from (C.9),

19



10P Publishing New J. Phys. 26 (2024) 063013 1 Di Terlizzi et al

1 oo o
ESﬁ(t) :2/0 dt’ _O/’g/i,)] 2t [y ]
=2 [ ar [0l = Oh ] =
=2 [ ar [ohd) = i) =
:2/ dt’ _C;fl, (t’)} =y
4]
:2/ dr’ [CL, ()]

0
t t/ . o
:2/ dt’/ dt”{ng (t”)]"ﬁf. (C.11)
0 0

The steps above conclude the proof by using the process’ stationarity and the fact that variables’ covariance
does not change when they are displaced by a constant (v¢’ bringing y,, to x;/). The last equality uses (B.1) .

Appendix D. VSR of the Brownian gyrator

We show how to compute the VSR terms for the Brownian gyrator model. We apply the Laplace transform to
its equation of motion (61). By turning to matrix notation and by doing some algebra, we get

<5<s> _ 4. <x0+v2kBT1M1 éf)

N . (D.1)
Vs yo+v2ksTopa &

where the susceptibility matrix is equal to

. 1 Stk —Qik
Xs= > > : (D.2)
(stuk)(s+pk) —a? i pak? \ —apmk s+ K

We define the function

Ti=L

1
—1
[(Sﬂtm) (S+uzﬁ)azmuzﬁ2}

2sinh (”v f\/4a2u1 pa+ (1 — uz)2/2> (D.3)

e~ trRlm+p2)/2
)

n\/4a2u1 fi2 + (1 — p12)’?

which is such that 7y = 0 (implying that 7’, =L [s 7;} ). It can be used to express the susceptibility matrix

in real time as

Ti+meT, —amrT,
X = . . (D.4)
—aw kT Ti+meT,

Furthermore, by taking the inverse Laplace transform of (D.1), the solution of (61) can be written as
A= [l (03
0
From this, one can readily evaluate the stationary average of x;

()i = ()5 =x: (%)3 » (D.6)

where (x)§' = (x)§ is a consequence of the fact that neither the drift vector nor the diffusion matrix explicitly
depends on time. Moreover, because the matrix x, # 1, is not degenerate, the only possibility for (D.6) to
hold corresponds to (x)§' = 0. Another consequence of (D.5) is that if x, is distributed as a bivariate
Gaussian, the same will be true for x; at all times because a sum (or integral) of Gaussian random variables is
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itself Gaussian (remember that &, is also Gaussian). This feature is indeed a consequence of the linearity of
equation (61) and, along with (x){' = 0, it implies that

1 _
pit ~ eXp <2x? VX 1 x,) 5 (D.7)
with covariance matrix

v, = ( <x(2,> <x0)’0>> - (D.8)
(xoyo)  (3)

To evaluate its components, we resort to the discrete-time version of (61),

{xter, =x;— py kxedt — py by, dt + 2k Ty dBF - (a) (D.9)

Verdt = Y1 — pa kyedt — ppakx, dt+/2kgTo iy dB, - (b)

where (dB) = 0 and (dB3! dB{) = 0;; dt. By taking the square of (a) and (b) along with the product between
(a) and (b) and by taking their average, one gets

< t+dt> < ?> ( 2;“1"@<xt> 2/1'104"{<ytxt> +2kBT1/L1) dt-l—o(dt)
Ghra) = O + (=22 k() =2 vk (yrxe) + 2kp Ty p12) dt+ 0 (dp) (D.10)
(Xeracyiran) = (eoye) — (R G+ p2) () + apa k{a7) + e () de + o (dr) .

By further noting that, in a steady state, the correlation functions of random variables with constant
average only depend on time differences (meaning, for example that (x7, ;,) = (x7)), one readily sees
that (D.9) leads to a linear system of three equations and three variables (i.e. (x?), (y?) and (x;y), which are
of course constant in time) whose solution reads

o Tt )+ (T - Th)
) = ko = ) G+ 1)

T (1 + po) + & pip (T1 — T)
— ok (D.11)
00) = b o G+ )
(xoy0) = —aks m T+ Ty

w(1—=a?)(um+p)

These quantities fully determine the stationary PDF p' (D.7), which in turn allows us to calculate the mean
local velocity

o [mx—by
vi=—pVU —DVInp; = , (D.12)
ayr—byx

where (p);j = p;0;j is the mobility matrix and

o = ksTipn(yg) n by — ksTipu(xoy0) s

(x5) (75) — (x010)? 7 (x5) (75) — (x070)? ’
y (D.13)

kT pa (x5) ks T 12 (xo y0)
a = — K, b, = —ak.
TR0 — oy 1T 2)(03) — (xo0)? ’
With this, it is straightforward to obtain o, which reads
2

= <ut D! ut> =a’k papn (Ti—T) (D.14)

pr+pe 1T

and equals (62g).
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The next step consists of the calculation of the position correlation functions

<xtxg> = Xt<x0 xg> =X, Vx

(7.'r+fwz77> (x5) + (7"r+fwz77) (x0y0) +
—QK [ 7;<xo)’o> —QK [y 7;<)’%> (D.15)
(7"t+wl7?) (%0 0) + (7"t+/<cu177> s) +
—QR U ﬁ(xé) —QK [ 7?<x0y0>

where in the first equality we used (D.5) along with the fact that (£(¢’) xy) = 0 almost everywhere and then

we combined (D.4) and (D.8). Note that, because 7y = 0 and Tt =1, for t =0 (D.15) trivially reduces
to (D.8). Again, because the system is linear, these correlations turn out to be the building blocks for the
computation of all the quantities appearing in the VSR. In particular, for the variance of the relative
displacement, we find that

Vax(t) = 2(x0x0) — (xx5) — (xex0)"

:2( (x) = {xixo) mm>(@mg+m%»p> (D.16)
(x0y0) — ((xey0) + (yex0)) /2 32) = iy0) ’

whereas for the covariance matrix of the integrated forces, with F; = —V U;, we obtain
t t
Vs, (t) = / dt’/ dt"’(F, F.,)
0 0
15 ((xerr %0) + @ (s yo) + pir (@ x0) + (e yo)) +
+a((xeryo) + (e x0))) +(1+a?) (o) + (i %0)) /2)
(F.Fl,)) =2k . (D.17)
g1 iz ({7 x0) + (e o)) + 15 (G yo) + 0 (xrx0) +
F(1+ad) (o) + x))/2) el + i)

Finally, for the excess variance, we can use (18) for example to obtain

ap <xz/ X0> - bl <xt/ )/0> ([11 <}’t’x0> T <xt/y0> +

' —bi{yrry0) — ba(xex0)) /2
SO:4Adﬂ (D.18)

(01 (yerx0) + a2 (xiry0) +
—-b <)/t/}’0> — b, <xt/x0>)/2

where ay, a,, by, b, are given by (D.13).

ay (yr yo) — ba(yr Xo)
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