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Abstract

We present a systematic analysis of stochastic processes conditioned on an empirical observ-
able Q7 defined in a time interval [0, 7'], for large 7. We build our analysis starting with
a discrete time Markov chain. Results for a continuous time Markov process and Langevin
dynamics are derived as limiting cases. In the large 7' limit, we show how conditioning
on a value of Q7 modifies the dynamics. For a Langevin dynamics with weak noise and
conditioned on Qr, we introduce large deviation functions and calculate them using either
a WKB method or a variational formulation. This allows us, in particular, to calculate the
typical trajectory and the fluctuations around this trajectory when conditioned on a certain
value of Qr, for large 7.

Keywords Conditioned stochastic process - Markov chain - Langevin dynamics - Large
deviation function

1 Introduction

Understanding the frequency of rare events and the dynamical trajectories, which generate
them has become an important field of research in many physical situations including pro-
tein folding [1], chemical reactions [2,3], atmospheric activities [4], glassy systems [5,6],
disordered media [7]. From the mathematical point of view, the statistical properties of rare
events are characterized by large deviation functions [8—15]. In physics, a particular interest
for large deviation functions arose in the context of non-equilibrium statistical physics from
the discovery of the fluctuation theorem [16—18], where the rare event consists in observing
an atypical value of a current over a long time window. They also had been used for a long
time to study stochastic dynamical systems in a weak noise limit [19-21] or extended systems
when the system size becomes large [22-24].
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One of the simplest questions one may ask about the large deviation functions is to consider
an empirical observable Qr of the form

T
or =/0 di £(C)) )

where f(C;) is a function of the configuration C; of a stochastic (or a chaotic) system at time
t and to try to determine the probability that this empirical observable takes any atypical value
q T. The corresponding large deviation function ¢ (q) is then simply defined by [25-34]

Prob(Q7 = gT) ~ e T%@  forlarge T. )

(Here, the precise meaning of the symbol ~ is that lim7_, % logProb(¢T) = —¢(g), and
this will be used throughout this article.) A rather common situation is when ¢ (g) vanishes
at a single value g* of ¢ (the most likely value of ¢) and where ¢(g) > 0 for ¢ # ¢*. The
main question raised in the present paper is what are the dominant trajectories of a stochastic
process, which contribute to this large deviation function and how to describe their effective
dynamics. In particular, we want to determine the probability P,(C|Qr = ¢ T) of finding
the system in a configuration C at an arbitrary time ¢, conditioned on a certain value of Qr
for large 7. Many of these questions have been studied earlier in different contexts spanning
over Physics, Mathematics, and Computer Science [33—43].

In recent years, a theory for this conditioning problem in a Markov process has been devel-
oped [44-48]. The analysis is based on a canonical approach, which consists in weighting
all the events by an exponential of Q7 and then to determine the probability

[dQerCPi(C, Q)
S [dOerQP(C, Q)

where P;(C, Q) is the joint probability of configuration C at time ¢ and the observable Q7 to
take value Q given the system in its steady state. This is in contrast to the previous case where
Q7 in (1) was fixed (that we call the microcanonical case). As we will see (in particular,
in Sect.2 and Appendix A), results for the microcanonical case can be obtained using an
equivalence of ensembles, which relates these canonical and microcanonical ensembles in
the usual way in the large T limit (which plays here the same role as the thermodynamic
limit in standard statistical mechanics). This analogy for the two ensembles as canonical and
microcanonical has been used earlier [32,35,36,44,46,47,49] as well as their equivalence has
been established [47]. (In earlier works the canonical ensemble has been referred as the tilted,
biased, or s-ensemble [6,35,44,49].) Using the equivalence of ensembles, it was rigorously
shown [47] that, in the large T limit, the conditioned dynamics can be effectively described
by a Markov process.

In this paper, we shall follow the canonical approach [44—48]. In the first half of the
paper we give an alternative derivation of many results obtained earlier [44—48] mostly in
the quasi-stationary regime (region III of Fig. 1). We build our analysis for a discrete time
Markov process on a finite configuration space. Then, the continuous time Markov process
and Langevin dynamics are obtained as limiting cases. Compared to the rigorous approach
in [44-48], our derivation is hopefully easier for a general Physics audience. Moreover, it
allows us to easily generalize the results to all other regions of Fig. 1, giving explicit results
for the conditioned probability and the effective dynamics.

The second half of this paper is devoted to the weak noise limit of the Langevin dynamics.
This limit has been recently studied [50,51] for specific examples with periodic boundary
condition, in their quasi-stationary regime. Application of these ideas for interacting many-
body systems will be presented in a forthcoming publication [52].

PP ) = 3)
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Fig.1 A schematic of a time evolution of a Markov process C; when conditioned on an empirical observable
Q7 measured in a large time interval [0, 7']. Different regions denote different parts of the evolution: (I) ¢ < 0,
(II) t > 0 but small, (IIT) # and 7' — ¢ both large (quasi-stationary regime), (IV) T — ¢ > 0 but small, and (V)
t>T

We will start by reviewing and extending some known [44-48] aspects of the conditioning
problem for Markov processes and for the Langevin equation (see Sects.2 and 3). In the
large T limit, one has to distinguish five regions (see Fig. 1) for which we calculate how the
measure and the dynamics are modified by the conditioning on Q7. Then, we will consider the
Langevin equation in the weak noise limit, first using a Wentzel-Kramers—Brillouin (WKB)
approach [53] (Sects.4 and 5) and then a variational approach (Sect. 6) based on the search
of an optimal path which minimizes an action. This will allow us in particular to obtain the
equation followed by the optimal trajectory under conditioning for large 7. Lastly, we will
see in Sect. 7 that an effect of conditioning is to break causality in the sense that a trajectory
becomes correlated to the noise in the future.

2 Markov process

A schematic time evolution of a Markovian stochastic system conditioned to take a certain
value of Q7 is shown in Fig. 1. For large T, one has to consider five regions. The system starts
in its steady state far in the past, then evolves to a quasi-stationary regime (region Il in Fig. 1),
and finally relaxes to the steady state of the unconditioned dynamics. It is known [44-47]
how to construct an effective dynamics that describes the conditioned process in the large T
limit. For a Markov chain, the effective dynamics is Markovian with transition rate, which
can be expressed ( for large T') in terms of the largest eigenvalue and eigenvectors of the tilted
Markov matrix [44—47] in the biased ensemble. Similar connections between a conditioned
ensemble and a biased ensemble appeared earlier in many contexts: rare events problems
[26,31,35,37,40,54-57], kinetically constrained models [5,6], optimal control theory [39,48],
and also in Quantum systems [58]. The effective dynamics for a Markov process has been
studied in depth, mostly for the quasi-stationary regime in [47]. In this section, we give
another derivation of the effective dynamics, which extends earlier results in the five regions
of Fig. 1.

2.1 The tilted matrix

We focus here our discussion on a discrete time, irreducible, aperiodic, time-homogeneous
Markov process [42] on a finite set of configurations. This Markov process is specified by the
probability My(C’, C) that the system jumps from configuration C to C’ in one time step.
This means that the probability P;(C) to be in configuration C at time ¢ evolves by

Pip1(C)y =) Mo(C', C)P(C).
C
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We consider that at t — —o0, the process starts in its steady state. (We will see later that
the continuous time Markov process and the Langevin dynamics can be obtained as limiting
cases.)

For this discrete time Markov process, we want to condition on a general empirical observ-
able [32,44,47]

T-1 T-1
Or =Y fC)+)_ 8C1,C) “
t=0 =0

where f and g are arbitrary functions of the configurations. For example, by choosing f(C) =
8c.c, and g(C’, C) = 0, the observable QO represents the total time spent in a particular
configuration C,. Another choice f(C) = 0 and g(C’,C) = dcr,c,8c,c, would count the
total number of jumps from configuration C, to configuration Cj. Large deviations of such
empirical observables and their conditioning have been studied in the recent past [6,32—
34,44-48,59].

Our interest is to describe the dynamics conditioned on a certain value of Q7 in the large
T limit. In particular, we want to know what is the conditional probability P, (C|Qr) for the
system to be in a configuration C at an arbitrary time # when conditioned on the observable
Q7 defined by (4).

Let us first analyze the special case t = T'. If we define the joint probability Pr(C, Q|Cop)
for the system to be in a configuration C at time 7 and that the observable Qr defined by
(4) takes value Q given its initial configuration Cy at time 0, it satisfies a recursion relation:

Pr(C, QICo) = ZMO(C, CHPr-1(C', Q — f(C') = g(C, CHICo) (&)
C/

Then, it is easy to see that the generating function defined by

G (CIco) = /dQ 2 Pr(C. QICo) ©)
satisfies
G (CICo) =Y My (C.CHGY) (€' Co) (7)
C/
where
M;(C,C') = Mo(C, /(e ®)

is the tilted matrix. Therefore, Gg)(CICo) =M )\T (C, Cp) is the (C, Cp)th element of the
matrix (M;)T. For large T (and for real A), the matrix elements of (M, )T are dominated by
the largest eigenvalue ™) of Mj, resulting in

G (C|Co) = TP R, (C) L, (Co) )

where R; (C) and L, (C) are the associated right and left eigenvectors, respectively. In (9)
the symbol =~ is used, as physicists usually do, to mean that the ratio of the two sides of
the equation becomes 1 in the limit 7 — o0; in fact, as we are considering an irreducible,
aperiodic Markov process on a finite configuration space, the Perron-Frobenius theorem
[60] ensures that there is a non-vanishing spectral gap and corrections to (9) are exponen-
tially small. For the prefactor in (9) to be correct the eigenvectors must be normalized with
> c Ri(C)L,(C) = 1.
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For earlier uses of the tilted matrix see [6,12,26,44,54,55,61] and references therein. For
more recent work see [47] where (9) also appears.

Remarks 1. It follows from (6,9) that the cumulants of Qr, for large T, can be obtained
[6,26,47,54] from the derivatives of w(A) at A = 0, and that lim7_ %log<e’\QT) =
n().

2. In the case A = 0, the largest eigenvalue is 1, with Lo(C) = 1, and Ry (C) is the steady
state probability distribution of the Markov process M.

2.2 Ensemble equivalence

By an inverse Laplace transformation (6) becomes

1 ico
Pr(C, QICo) = 5— | dze™*2 G (CIC), (10)
271 J_jso
where the integral is along the imaginary axis on the complex-z plane.
For an irreducible, aperiodic, time-homogeneous Markov chain on a finite configuration
space, (4 (A) is differentiable and convex. When w1 (1) is strictly convex, using the asymptotics

(9) for large T and the method of steepest descent we get

1
Pr(C, Q = qT|Co) ~ e*””ﬂ/mm(cmx(co) (11a)

where the large deviation function ¢ (¢) and the eigenvalue ™ are related by a Legendre
transformation (the Gértner—Ellis theorem [14,62])

P(q) =rg —p()  with p'(h) =gq. (11b)
For convex 1 (A), where the Legendre transformation is self-dual, (11b) gives
n) =rqg —¢(q) with 1 =4¢'(g). (12)
Moreover, as 1’ (L) = 1/¢"(g), using (11a) we get
_ "(q)
Pr(C, @ =gTIC) = 00 2D Ry (€)Lyig)(Co) (13

One simple way to understand the prefactors in (13) is to use it in (6) to recover (9) by a
saddle point calculation. As for (9), the symbol >~ in (13) means that the ratio of the two
sides goes to 1 in the limit 7 — oco. However, unlike (9), the higher order correction term
to (13) (which could be determined using again (6) and (9)) would be algebraic in T rather
than exponential.

We see from (13) that, for large 7', the conditional distribution of C at the final time is
given by

Pr(C,Q=4qT|Co)) = Ry
Yo Pr(C', Q0 =¢qT|Co) Y ¢ Ryg)(C)

This shows that the initial condition Cy is forgotten at large 7. On the other hand, in the
canonical ensemble, using (9) one has for the probability at the final time

Pr(C|Q =4qT) = (14)

GP(CICo)  _ Ri(O)

~ 15
Yo GPCIC) Lo RulC) ()

PP(C) =
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We see that the two expressions (14) and (15) coincide by choosing A = ¢'(g). This
shows that, for large T, the two ensembles are equivalent: fixing the value of Qr = ¢ T
or weighting the events by a factor e*€7 with A = ¢/(¢) lead to asymptotically the same
distribution of the final configuration C. This equivalence of ensembles has been established
earlier in [46,47].

Remark The equivalence might not hold for systems with infinitely many configurations,
when the spectral gap for the tilted matrix vanish and () could become non-differentiable
[44,63-65]. See [47,49,66] for conditions for the equivalence of ensembles to hold.

2.3 The measure conditioned on Qr for large T

As shown in Appendix A, the equivalence of ensembles holds not only at time t = T, but
at any time ¢, as long as T is large. The same was established earlier in [45—47]. This states
that, by generalizing (15), if we define the canonical measure

[dQe*CP(C, Q)

)
P ) = (16)
! Yo [dQerCP(C, Q)
for any time ¢, then for large 7',
PUCIQr =qT) =~ PP(C)  with 1 =¢'(q) (17)

where P;(C, Q) is the joint probability of configuration C at time ¢ and the observable Q7 to
take value Q given the system in its steady state; P;(C|Q) is the corresponding conditional
probability. As for (13), the symbol >~ in (17) means that the ratio of the two sides goes to 1
in the limit 7 — oo.

This canonical measure (16), for large T, takes different expressions in the five regions
indicated in Fig. 1. (A derivation is presented in Appendix A for region II and can be easily
extended for other regions. Many of these results can be inferred from the analysis in [46,47].)

Region .7 < 0
e Li(CYM'(C', C)Ry(C)

(A)
P (C) = - (18a)
! > La(C)Ro(C)
— Region II. 0 <t « T. One recovers an earlier [46,47] result
, Ly (C)M!(C, C"Ry(C’
PO (C) = ch (S( M, ( / ) 0(/ ) (18b)
"0y L (CYRo(CY)
— RegionIIl. 1 < tand T — ¢ > 1. One recovers an earlier [46,47] result
P (C) = Ri(C)L;.(C) (18¢)
— RegionIV. 1<t <T,ie. T —t =0()
,MITI(C, C)R;,.(C
PP(C) = Z(CT_”A m( J5.(€) (18d)
e 1R 3" Ry(C)
— Region V.T <t
 MT(C, CHRL(C!
Pt()‘)(C): Do MyT( YR,.(C") (18¢)

2o Riu(C)
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To be consistent with the notation of Sect.2.1 we denote by Ro(C) the steady state measure
of the Markov process M. Therefore (15) is a special case of (18e). Another special case
L, (C)Ro(C)

) _
Pio©) = > Li(CHRy(C)

19)

2.4 Time evolution of the tilted process

Again by a straightforward generalization of the reasoning (see Appendix A), one can show
that the equivalence of ensembles holds for the dynamics as well [32,44-47]. In fact, the
tilted dynamics in the canonical ensemble, where events are weighted by e 9T s itself a
Markov process [32,44-47] even for small T (see Sect.2.5). For this process, the probability
of jump Wt(’\) (C’, C) from configuration C at 7 to C’ at t + 1 depends, in general, on time 7.
For example, for t < 0,

ZC”’,C” M{(C///’ C//) Moftfl(c//’ C/) Mo(C/, C)Ry(C)

(A) /
W, C, C) =
t ( ) ZC”/,C“ M{ (CW, C//) M(;t(C”, C)RQ(C)

while for0 <t < T,
Y erco M TTHC, CYML(C!, CYME(C, Co)Ro(Co)
S cncy M TH(C", COYML(C, Co)Ro(Co)

wHc', c) =

For + > T, the transition probability is same as in the unconditioned dynamics,
w?(C’, C) = My(C', C).

For large T, the dominant contribution comes from the largest eigenvalue of M, and one
gets in the five regions of Fig. 1:

— Region L.
» Ly(C" M=, C') My(C', C
W' C) = Yoo Li(C") My ( - ) Mo( ) (202)
Yo cn Li(C"y My (C”, ©)
— Region II and III.
L, (Ch M, (C', C
W[(A)(C/7 ) = 2 (C") My ( ) (20b)
eHPIL,(O)
This result for region III has been obtained earlier in [46,47].
— Region IV.
» M]TTHCT, € Mu(C' C
WA, C) = 2o M, (Tit ) M;.(C", C) (200)
Yoo My TH(C", C)
— Region V.
W(C', €) = Mo(C', C) (20d)

Using these expressions for Wt(’\) and the corresponding canonical measure in (18a—18d),
one can check that

PICh =Y wHc . opP©) @1)
C
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780 B. Derrida, T. Sadhu

Remarks 1. We have seen that by deforming the matrix My one can condition on two kinds
of observables: f(C;) and g(Cy41, Cy) [see (4)]. It is not possible to condition on other
time correlations, like, Q7 = ZzT=1 8(Ci4+,Cr) with T > 1 by simply deforming the
matrix M. One could still define a tilted Markov process but this would be on a much
larger set of configurations since one would need to keep information about t consecutive
configurations.

2. In asimilar analysis one can describe the time reversed process [42] conditioned on Q7.
We define W,()“) (C, C’) as the transition probability to jump from C" at 7 + 1 to C atz in
the time reversed process. In all five regions of time, they could be expressed in terms of
the corresponding Wt(’\) and P,m of the forward process.

)
P (C
whc,cy=wH ', C)El)i() (22)
P (€)
For example, in the quasi-stationary regime (1 < fand 7T — ¢ > 1),
M, (C',C)R)(C
Ww®(C, ¢y = a( YRy.(C) 23)

et Ry (C)

The time reversed process is useful in describing how a fluctuation is created. For example,
the fluctuation leading to an atypical configuration can be described by relaxation from
the same configuration in the time reversed process [52].

2.5 A generalization

The above expressions (18a—18e) and (20a—20d) can be extended for a more general observ-
able of the form

0=> fi(C)+ > &(Ci1.Cp) (24)
t t

where f;(C) and g;(C’, C) are arbitrary functions of configurations in a discrete time irre-
ducible Markov process Mo (C’, C) on a finite configuration space. The observable (4) is just
a particular case of (24) with f;(C) = f(C) and g,(C’, C) = g(C’, C) for t € [0, T] with
large T', and both being zero outside this time window.

We consider that the system started at # — —o0 in its steady state and evolves till 1 — oo,
but this can be changed without affecting much of our analysis. One can even generalize to
the case when the Markov process My (C’, C) depends on time.

Using a reasoning similar to that in Appendix A, we can show that in the canonical
ensemble, where the events are weighted by e*€, the probability P,(’\) (C) is given by

A (*)
Z,7(C)Z,” (C)
PO = 5 (252)
Yoo Z77(CH LT (C)
where Z t()‘) (C) and Z;A)(C ) follow the recursion relations

zZM(C) = Z HMim1(C) 421 (C.C) oo 1y fo)l (o) (25b)

C/
Zt()n)(c) — Z e}»f,(C)-&-)Lg,(C',C)MO(C/’ C)ZE)_;_)I(C/) (25¢)

C/
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We can also show that the tilted dynamics remains Markovian, and Pr(k)(C) follows (21)
with the transition probability

73 (C'YMo(C', C)ef©+18:(C'.C) 73 0y
W’(A)(Cl, C) — t+1 t

S en 23 (€Y Mo(C", C)r i€+ (€ 0 209 )

x) ’

z®, (C") :
z%exﬁ(c)n%gt(c,C)Mo(C’, 0 (26)
z(c)

One can verify using (25¢) that ) _ Wt(’\) (C’,C) =1.
The expressions (18a—18e) and (20a—20d) for Q = Q7 in (4) can be easily recovered
from (25a) and (26) by using the corresponding f;(C) and g, (C’, C) and taking large T limit.

2.6 Continuous time Markov process

The case of a continuous time Markov process can be obtained [60] by choosing a Markov
matrix My in the discrete time case of the form

My(C',C)=|1- ZMO(C”, C)dt | 8¢ ¢ + Mo(C',C)dt + - - 27)
C//

and subsequently taking the limit d# — O in the corresponding Master equation. The
Mo(C’, C) is the jump rate from configuration C to C’. Following this construction it is
straightforward to extend the results of conditioned process in the discrete time case to the
continuous time case. The details are given in Appendix B.

3 The Langevin dynamics

We now extend the above discussion to a Langevin process on an infinite line defined by the
stochastic differential equation

X =F(X) +mn (28)

where F'(x) is an external force and 7, is a Gaussian white noise of mean zero and covariance
(nimy) = € 8(t —t") with € being the noise strength. It is well known [60] that the probability
P;(x) of the process X, to be in x at time ¢ follows a Fokker—Planck equation

2

d d d
EP,(x):EO-P,(x) = —E[F(x)P,(x)]—l—%ﬁP,(x) (29

3.1 The tilted Fokker-Planck operator

Our interest is the dynamics conditioned on an empirical observable, considered already in
[32,44-47],

T T
0r = fo dt F(X,) + /0 dX, h(X,) (30)
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782 B. Derrida, T. Sadhu

where f and h are functions of X,. In writing the second integral we mean a special class of
observables whose discrete analogue

T
/0 dX; h(X;) = Z(Xt—'rdt — X)) [a h(Xiqar) + (1 — @) h(X))] 3D
t

with « € [0, 1]. The choice & = 0 corresponds to the ito integral and o = % corresponds to

the Stratonovich integral in stochastic calculus [67]. One may view (30) as a limiting case of
4).

A large number of relevant empirical observables in statistical physics are of the form (30).
For example, integrated current, work, entropy production, empirical density, etc [18,32—
34,68,69].

The Langevin dynamics in (28) can be viewed as a continuous space and time limit of a
jump process on a one-dimensional chain (see Appendix C). This way, the effective dynamics
conditioned on Q7 in (30) can be obtained from our results in Sect.2 by suitably taking the
continuous limit. For example, a continuous limit of (7) gives (see Appendix C)

d
d—TG(T“(xw) =L, -GP(xly) (32)

where the tilted Fokker—Planck operator

2
Ly =Arf(x) — (i — kh(x)) F(x)+ ¢ (i — Ah(x)) +e€ <a — l) M (x) (33)
dx 2 \dx 2
For an earlier derivation of (33) when f(x) = 0 see [68,69], and for the general case see
[46,47].
If there is a non-vanishing spectral gap for the largest eigenvalue (i) of £y, then for
large T, one gets, analogous to (9),

G (xly) = e P, () 6.() (34)
where ry (x) and ¢, (x) are the corresponding right and left eigenvectors defined by
Ly 1) = p(Wrax) and L] - 6,(0) = p()6.(x) (35

where Li is the operator conjugate to L.

d d 2 1
£:{ =Af(X)+ Fx) | — +Ah(x) |+ Sy +rh(x)) +ela—=)rr'(x) (36)
dx 2 \dx 2
In (34) the symbol ~ means that the sub-leading terms are exponentially small in 7. Analo-
gous to (9), for the expression (34) the eigenfunctions should satisfy f dxL(x)r(x) =1, as
discussed in [32,47].

Remark Unlike (9) in the discrete Markov process, the existence of a spectral gap for (34) is

not assured (see the discussion in [47,59]). On a one-dimensional line, where F'(x) and i (x)

are gradients, (35) can be mapped [32,59,69,70] to a Schrodinger equation with potential
F(x)?  F'(x)

2€+2

In this case, the question of a spectral gap for £; maps to the existence of a bound state of
the Schrodinger equation with a potential V (x), which is a well studied problem in Quantum
mechanics (see [53,71-74]). On an infinite line, if V (x) grows when |x| — oo, then there is
a bound state [70].

Vix) =

—Af(x)—e€ (Ol — %) AR (x). (37)
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Large deviations conditioned on large deviations... 783

3.2 Canonical measure for the Langevin dynamics

One could similarly derive the canonical measure and the corresponding rate equation. This
way (18a—18e) become, for the continuous analogue P,('\) (x) of the canonical probability
(16) in the five regions of Fig. 1 (see the derivation in Appendix C)

— Region I
eI 6] @ o)
PO () — [ 3
Y P AT T (382)
— Region II
£.(x) [e"5 - ro] (x)
1) A
B = G i G0 o) (380
— Region III
PP () = 6,00, (x) (38¢)
— Region IV
o [T ] @ne
P (x) = e(T*’)N()‘)fdy o) with £o(x) =1 (38d)
— Region V
t=T)Lo .
pt()”) (x) = w (38¢)

Jdyr.(y)

These expressions of P,O") (x), particularly (38b—38d), were already written in [46,47].

The time evolution of the tilted dynamics is described by a Langevin equation (28) with
a modified force F,()‘) (x), which, in general, depends on time. The force takes different
expressions in the five regions indicated in Fig. 1.

— Region I

FP ) = Fx) + e% log [e*"ci‘i -Ex(x)] (39a)

— Region IT and III, we recover an earlier result [46,47],

FPx)=F(x)+e <kh(x) + % log mx)> (39b)

~ Region IV
FP () = F(x) + ¢ (Ah(x) + % log [e”*’)ﬁi : zo(x)D (39¢)

~ Region V
FM(x) = F(x) (39d)
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784 B. Derrida, T. Sadhu

A derivation is given in Appendix C. One can easily verify that the probability (38a—38e)
follows a Fokker—Planck equation with the corresponding force (39a—-39d). To see this, for

example in region I, one can simply use that [e"ﬁtﬁ . ZA] (x) = V;(x) in (38a) is a solution

of £V,(x) = —L} - V,(x) and that Lo - ro(x) = 0.

Remark We have considered the noise amplitude € in (28) to be a constant. A generalization
where the amplitude is a function of X; involves a choice of the Ito-Stratonovich discretization
[67]. The analysis could be easily extended to such cases, as well as in higher dimensions.

3.3 The Ornstein-Uhlenbeck process

As an illustrative easy example [32] one can consider the Langevin equation in a harmonic
potential, F(x) = —y x. This is known as the Ornstein—Uhlenbeck process [60,70]. To
make our discussion simple, we choose the observable Q7 = fOT ds X which corresponds
to f(x) = x and h(x) = 01in (30). In this case, the tilted Fokker—Planck operator (33) gives

Lyi=ax 4yl +€d2
EAETY T AR

Its largest eigenvalue and the corresponding eigenvectors are [32,70]

2

w0y =L = Ne FEE ) = e (40)

2%
with N determined from normalization f dx?; (x)r)(x) = 1. The Legendre transformation

(12) gives the large deviation function ¢ (g) = g—jqz.

The canonical measure (38a—38e) and the effective force (39a-39d) can be explicitly eval-
uated in this example. One would essentially need to evaluate terms like [e‘tﬁg . Z;\] x) =
V;(x) which is a solution of %V, x) = —[Zg - V;(x) with an initial condition Vy(x) = £; (x).
It is simple to verify that the solution is

22e

. A
y 4y3

Similarly, one can verify

Ax er? er’t  yx?
IEA_ :N ]_7;/[ - _ (3= —yt -
[+ ro] (x) eXP[( € ){y 4y3( ¢ )}+2y2 € ]
fort >0,
2
(T-nc] ] _ ( T A A ORI e )
[e Lo | (x) eX]D|:1 e ){y 4)/3(3 ¢ )
e (T — 1)
- fort <T,
2)/2
A 2
[e("T)LO -m] (x) = Nexp [—y (x - %e_y(“”> } fort > T.
€ 14
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Fig. 2 A schematic of the most probable trajectory, for large 7', of the conditioned Ornestein-Uhlenbeck
process defined in Sect. 3.3. The most probable position changes with time, only reaching a time independent
value ¢ = }% at the intermediate quasi-stationary region III. The evolution is symmetric under time reversal,

with most probable position % att =0andt =T

Using these in the general expression (38a—38¢) and (39a—-39d) we find that, in all regions,
the canonical measure and the effective force are of the form

Pt()‘) x) = /% exp [—%(x - at)z] and Ft(’\)(x) =—y((x —€by) 41)

This means that the tilted dynamics is another Langevin equation in a harmonic potential

whose minimum is at € b;. We get, in region I, a; = —;}:\2 e’ and b, = —;‘2 e’’; in region
__ €A 1,—yt _ A : __ €L _ A :
I a = (1—3e ") and b, = Z5:inregion Il a; = <5 and b; = s in region IV,
__ €A 1,—y(T-1) _ A —y(T—1)\. ; : _ €\ ,—y =T
a; = 1—5e77 and b; = 1—e77 ;inregion V, a; = eV and
t 2 ( 5 ) t 2 ( ) g t 2,2

=23

bt =

For large T, one can get the microcanonical probability P;(x|g) using % = ¢ (from
X = ¢'(q)) in the above expression for P,(M (x). From this solution, one can also see that the
most likely trajectory followed by the system is x(#) = a;. A schematic of the trajectory is
given in Fig.2.

Remarks 1. Inthis example, both X; and Qr are Gaussian variables. The direct calculation
of the covariance is an alternative way of re-deriving (41).

2. Here, the canonical measure P,O") (x) is symmetricundert — T —¢, thus symmetric under
time reversal. This is because on a one-dimensional line the force F'(x) can be written
as the gradient of a potential and the Langevin dynamics satisfies detailed balance. This
would not necessarily be the case on a ring or in higher dimensions.

4 Large deviations in the conditioned Langevin dynamics

We shall now discuss the Langevin dynamics on the infinite line when the noise strength € is
small. This weak noise limit has been of interest in the past [50,51,68,69,75-77] particularly
in the Freidlin-Wentzel theory of large deviations for stochastic differential equations [19].
One may also view the fluctuating hydrodynamics description of interacting many-body
systems as a generalization of the Langevin equation, where the weak noise limit comes
from the large system size [12,24,78,79]. A generalization of our discussion here to a many-
body system will be presented in a forthcoming publication [52].

In this weak noise limit, one can describe rare fluctuations in terms of a large deviation
function [19-21]. For example, the steady state probability of a Langevin equation describing
a particle in a potential U (x) has a large deviation form

P(x) ~ e 2U®  for small e.
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786 B. Derrida, T. Sadhu

In this Section, we shall show that a similar large deviation description holds, in general,
for the canonical measure in the Langevin equation and also for the conditioned probability
using the equivalence of ensembles.

4.1 WKB solution of the eigenfunctions

For small €, one can try the WKB method [53] to determine the largest eigenvalue and
associated eigenvectors of the tilted operator £, in (33). This means that we look for a
solution of the type

1w ()
r% ()C) ~ e ewright(x)’ Ef(x) ~ e_%‘//left(x) (42&)
by setting
1
A== and g (5) ~ —x(K) (42b)
€ € €

in the eigenvalue equations (35). The scaling (42b) is known [50,51,77] for specific examples
of (30), e.g. work and entropy production. We find that, for small €, this is indeed a consistent
solution to the leading order when wl(e'(ff and v) satisfy

right
d 2
F(x)? - (awﬁfg (x) — kh(x) — F(x)) =2k f(x) — 2x (k) (43a)
d 2
F()c)2 - (El//r(ig;n(x) + kh(x) + F(x)) =2k f(x) —2x (k) (43b)

When we use such a solution in (34) we get
G;?)(xly) ~ e%X(K)_%‘/fr(i’(th(x)_%‘/f](eKﬂ)()’) (44)

for small €. This also gives a large deviation form for the canonical measure. In particular,
the canonical measure (15) and (19), for small €, gives

K (k) K (x)
Py~ etV @ and P () ~ e 0@ 5)

where Y1) (x) = ye), (x) and ¥ (x) = ¥4 (x) + F(x), up to an additive constant [we
denote by F(x) the large deviation function associated to the steady state probability of the

original Langevin equation (28)].

Remarks 1. The solution (44) implies that, for large 7" and small €, the joint probability
(13) also has a large deviation form given by

Pr(x, Or = qTly) ~ o~ TP(@)— ¢ Yrigh (. @)~ Len (v.9)

where @ (q), Yright(x, q), and Yef (x, q) are related to their counterparts x (k), wr(i"g}n (x),

and lﬁl(ekfz (x), respectively, by the Legendre transformation (11b), which gives
?(q) =k q—xk) with x'(k)=gq. (46)

This is due to the ensemble equivalence discussed in Sect. 2.2. See [47,49,66] for general
conditions for the equivalence of ensembles to hold.

2. Later, in Sect. 6.3, we will see that (43a—43b) are the Hamilton—Jacobi equations in a
variational formulation of the problem.
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3. Theansatz (42a—42b) is not always applicable, for example, in a double well potential. See
[51,80,81] for other recent applications of the WKB analysis for conditioned stochastic
processes.

4.2 Large deviation of the canonical measure

The WKB solution (42a) gives that the conditioned probability at any time ¢, for large 7 and
small €, in the two ensembles, has a large deviation form

K (x)
PGy~ et @ and  P(x]Q = qT) ~ e~ VD 47)
with the two large deviation functions related by the Legendre transformation (46). This is
already seen in (45). For other times, this comes from using the WKB solution (42a—42b) in
the expressions (38a—38e) for small €.

Among these, the simplest case is the quasi-stationary regime, i.e. | < fand T — ¢ > 1,

where P,O‘) (x) = ry(x)€,(x) given in (38c). Using (42a) we get

U ) = Yl () = Yl () + Y () (48)

(The subscript gs refers to the quasi-stationary state.)

5 Langevin equation on the infinite line

On the infinite line, F(x) is a gradient of a potential U (x), i.e. F(x) = —d,yU(x). (For
a finite line with a periodic boundary see [46,47,50,51,82].) For simplicity, we consider
Or = fOT dt f(X;),1.e. h(x) = 01in (30). Moreover, we consider that F(x)? - 2k f(x) has
a global single minimum [see the remark after (51)] and it grows at |[x| — oo. For small €
with (37), this ensures that the spectral gap is non-vanishing.

In this case, the two solutions of the Hamilton—Jacobi equations (43a—43b) are related,

Y () = Y} (x) — 20U (x) + constant (49)

(This would not be true, in general, when F(x) is not a gradient of a potential. For example,
on a ring with a circular driving force.)

Moreover, using (49), the effective force (39b) in the quasi-stationary regime, for small
€, can be written as

(O~ _ 03 N P
Fy o (x) > F(x) — Ox Yy () = zaqus (x) (50)

(This is only the leading order term for small €.) This shows that the tilted process can be
viewed as a Langevin dynamics in the potential landscape of the large deviation function

Ve (x).

An explicit solution

The Hamilton—Jacobi equations (43a—43b) are simple to solve. For example, let’s take (43b),

which is quadratic and has two solutions w;'()(x) which follows

098 (0) = —F () &\ Fr)? = 20 £ () + 2 ()
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When F(x)? — 2« f(x) has a single global minimum at a value x = u and it grows at
x — =00, the only possible choice is that

(r)
(k) oy (x), forx > u,
axwright(x) = {axwik)(x)’ for x <u.

At the meeting point, the eigenfunction r« (x) and its derivative are continuous which leads
€

()

to continuity of d, wright (x). The latter condition gives

_ FWF'(u)

- 7 51
K0 ©h

x) =« fu)— %F(u)2 with

Remark The reason for imposing the condition that F (x)? — 2k f(x) has a single global
minimum is that otherwise, one can not straightforwardly extend the asymptotic solutions
wj(f ) (x) to all values of x, similar to the WKB analysis of double well potential in Quantum
Mechanics [53]. This is because between the minima the eigenfunction is a superposition
of the wJ(rK)(x) and w&'()(x) solutions and one has to carefully match the solutions at each
minimum.

The second Hamilton—Jacobi equation (43a) is similarly solved. Integrating these solutions
we write

Ve (00) = / dz {—F(z) +sgn(x — )y F(2)% — F)® — 2L f(2) — f(u)]} (52a)

X

Vi (0 =K + / dz {F(z) +sn(x — )y F(@? — F@)? = 260f() f(u)]}
(52b)

where K and x* are a priori arbitrary constants. To satisfy the normalization f dxry(x)l; (x)=
1, one can choose K = 0 for x* = u (using F(x)? — 2k f(x) has minimum at x = u).
Using (52a-52b) in (45) one can see that ¥\ (x) and ¥’ (x) both have minimum at xo
given by f(xo) = f(u) — iF(u)z. This makes xo the most likely position at time t = 0
and t = T, which is different from the quasi-stationary position .
As a consequence of (52a—52b) we get the large deviation function (48) in the quasi-
stationary regime

X
W =2sm -0 [ dz\JF@r - Fwr - 2ds@ - fwl 6y
u
This shows that x = u is the most likely position in the quasi-stationary regime.

Remarks 1. In this example, one could systematically calculate sub-leading corrections in
the eigenvalue and eigenvector. Writing

C 100 ) K 1 ~
e () = e POy () = S+ T + -

in (35) (we are using h(x) = 0) and expanding in powers of € one would get in the
sub-leading order

~ 1 -
— F/@) 4+ [FO0 + 00 (0 | 05 00 = 50000 = X0 (54)
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(1)

Using (52a) we see that the term F'(x) + 0, wright

from (52a) we get

(x) in (54) vanishes at x = u. Moreover,

Tim 029 %0, (0) = —F'(0) + [ F/@)? + F@) F'(u) — icf"(w)

This and the fact that 9, wr(i';in(x) = —F(x) for x = u gives for the sub-leading order

correction to the eigenvalue

1
Y (k) = —3 |:F/(u) + \/F’(u)z + F(u)F"(u) — Kf”(u)i| (55)

An explicit expression for @é’;ﬁlt (x) could also be deduced from (52a) and (54).
2. One can also check that the results for the Ornstein—Uhlenbeck process in Sect. 3.3 can
be recovered by choosing f(x) = x and F(x) = —yx.

6 A variational formulation

In this section, we use the path integral formulation of the Langevin equation [19-21,83].
A similar formulation has been used recently for large deviation of empirical observables
[51,69,75,76,82]. This gives an alternative approach for the conditioned dynamics. This
conditioned process has been used in [50,51] for specific examples of diffusion on a ring,
giving explicit results for the effective dynamics in the quasi-stationary state and revealing
dynamical phase transitions.

Asin Sect. 5, we consider a Langevin equation on an infinite line and Q7 = fOT dr f(Xy),
such that F(x)2 — 2« f(x) has a single global minimum and it grows at |x| — oco.

We introduce the formulation for the generating function G(T)‘) (x]y) for the Langevin
dynamics. Using a path integral solution of (32) (see Appendix D for details) one can write,
for small €,

2(T)=x

G(Tz)(ﬂy) - / ,D[Z]e%S(TK)[Z(t)] (56)
z(0)=y
where the Action
T -2 2
b4 . F(z
5P = [ a {K f@- 5 +iFE) - 2 } (57)
0

One may view (56) as a sum over all paths (connecting y to x during time 7') weighted by

exp(L 81 [2)).
In the small € limit, if we assume that (56) is dominated by a single path, we get (44) with

Tx () =Yg @) = VRO = max S71z(0)] (58)

where the maximum is over all possible trajectories z(¢) with z(0) = y and z(T) = x.

6.1 An explicit solution

We will first show how this variational approach allows one to recover the results of Sect. 5.
As before, we limit our discussions to the case where F2(x) — 2« f(x) has a single global
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/33

o "

0 T

Fig.3 A schematic of the optimal path for the variational problem in Sect. 6.1

minimum at x = . It will be clear shortly, that in the variational formulation, this condition
ensures a single time independent optimal path.
Using variational calculus we get from (56-57) that the optimal path follows

_d [F(z)z
Taz| 2

- Kf(z)]

Multiplying the above equation with 2z and integrating we get
P=F@’-2%f@+K

where K is an integration constant. We see the similarity with the trajectory of a mechanical
particle of constant energy %K in a potential k f(z) — %Z)Z which has a single global
maximum at x = u. The trajectory has to cover a finite distance from the point y to the
point x in a very large time 7. The only possible way this could happen if the trajectory
passes arbitrarily close to u which is a repulsive fixed point of the mechanical dynamics.
This requires an energy almost equal to the maximum of the mechanical potential, with the

difference vanishing as 7' grows. This gives K = 2« f(u) — F(u)? and the optimal path
2 =F@)? -2 f(2) + 2 f(u) — F(u)? (59)

Such a trajectory spends most of its time in the position #, and deviates from it only near
the boundary to comply with the condition z(0) = y and z(T) = x, as sketched in Fig. 3.
Then, we can write the optimal path (59), for large T, as

sgn(u — y)yF(2)? =2k f(2) + 2k f(u) — Fw)?, for0<t < T,
z(t) =10, forl<<tand T —t > 1,
sgn(x — u)y/F(2)2 — 2k f(z) + 26 f(u) — F(u)?, forO<T —1 < T.

To use this in the variational formula (58) we substitute F(z)? from (59) in the expression
(57) and get

1 oo . T, .
max S¥[z(1)] =T [K fu) — 7F(u)2} +/ dt i [F(z) —z]+/ dt:[F(z) — 2]
(1) 2 0 10
where 1y € [0, T']. We see that, the integration variable can be changed to z, and when 1 < #9

and T — 19 > 1, we can use z(fy) = u, in addition to the boundary condition z(0) = y and
z(T) = x. Using the explicit solution of z(¢), given above, we get

1
max §3[2()] = T [K fw - EF(u)z]

- / dz [F(z) +sgn(y — 1)y F? — 2 £ (2) + 2 f () - F(u)z}

@ Springer



Large deviations conditioned on large deviations... 791

Fig. 4 A schematic of a path leading to a fluctuation x at time 7, and subsequent relaxation to the quasi-
stationary value u in region III

- / dz [—F(Z) +sgn(x — 1)y F? — 26 f () + 2 f () - F(u)?}

When we use this result in the variational formula (58) for large 7, we get x(k) =
[K fu) — %F (u)z], in agreement with our earlier result in (51). Moreover, we see that

the second and third term gives W1(e’(ft) (y) and ‘pr(ign (x) in (52a-52b).
6.2 Large deviation function

One could write a similar variational formula for 1/ft('()(x), defined in (47), at an arbitrary
time ¢. For large T,

¥ () = max A7 [2(0)] = max AP [2(0)] (60a)
where the action
oo 22 2
AN [z(0)] =/ dt [a(r)f(z) - % +:F(2) — F(;) } (60b)

with a(t) = « for t € [0, T] and a(t) = 0 elsewhere. The first maximization in (60a) is
over all paths, whereas the second maximization is over paths, which are conditioned to be
atz(r) =xfort =¢.

One may understand the formula (60a) as an optimal contribution from an ensemble of
paths with probability weight eéA(TK)[Z] conditioned to pass through x at time ¢; the first term
in (60a) is due to normalization.

Here, we show how one can use this variational approach to derive w,(K) (x) at an arbitrary
time. For this we impose as in Sect. 6.1 that F(x)2 — 2« f(x) has a single global minimum
such that the most likely position in the quasi-stationary regime is time independent, z(7) = u.

Quasi-stationary regime

Among all the five regions in Fig. 1, the simplest is to analyze the quasi-stationary regime
where 1 < rand T — ¢ > 1. Here, for the optimization in (60a), one essentially needs to
consider paths which asymptotically reach u, both at small 7, as well as when ¢ is close to T'.
A schematic such path is given in Fig. 4.

The analysis is quite similar to that in Sect. 6.1. We get that the optimal path follows

dz(r)  |sgn(x —u)y/F(2)2 =2k f(2) + 2k f(u) — Fw)2, fort <t
dr  |sen(u — x)y/F(2)2 = 2 f(z) + 2k f () — F(u)?, fort > 1,

(61)
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and using this in (60a) we get

t T
w,(“>(x)=f dtz'[Z—F(z)]Jr/ dt:[: — F(2)]
0 t

Changing the integration variable to z and using the solution (61) with the asymptotics
sketched in Fig. 4, we get

v ) = / dz [—m) +sgnr — )y FQ? = 26 £(2) + 26 fw) - F(u)ﬂ

X
+ / dz [F(z) + sgn(x — H)\/F(Z)2 -2k f(2) + 2k f(u) — F(u)z]
u
Comparing with the expression in (52a—52b) we see that 1//,(K)(x) = ll’r(ign (x) + 1//1eft (x), in
agreement with our earlier result (48) and (53).

Remark From (61) one could see that the optimal path leading to a fluctuation in the quasi-
stationary regime and subsequent relaxation follows a deterministic evolution in the potential

landscape of Iﬂr(i’;}lt and Wl(e’}t)'

dz(t) d d «

S =F@) + d—zt/fﬁig;t(z) - [U(z) wrﬁgin(z)] fort <t,  (62a)
dZ(T) d K d K

At =F(Z) - zzwlifi (Z) = _?Z [U(Z) + wl(efz (Z)] fort > 1. (62b)

Regionll (0 <t < T)

The calculation of l/ft('c) (x) in other regions of time is quite similar. For example, in region
IL, in the variational formula (60a), one essentially needs to consider paths which started
at the minimum of U (x) (with F(x) = —U’(x)) when T — —o0, pass through 7z = x at
T =t > 0, and asymptotically reach the quasi-stationary value u for large time t > 1, as
illustrated in Fig. 5.

Following an analysis similar to that in Sect.6.1 it is straightforward to show that the
optimal path in this case

—F(2), fort <0

21t) = {sen(x — VF@?2 -2k f(x) + K1, for0<t <t (63)
sgn(u — x)y/F(2)2 =2k f(z) + Kp, fort >1,

where K1 and K> are integration constants, and the optimal path passes through z(0) = y
(say) when 7 = 0. The solution for ¢ < 0 is easy to see from the condition that at 7 — —o0
the system started at the minimum of the potential U(z) with F(z) = —U’(z). Similar
asymptotics that for large time the system relaxes to the quasi-stationary position z = u
gives the constant Kp = 2k f(u) — F (1)?. In addition, we have the condition

Xdz X dz
t—/ dr_/ —/ (64)
y sgn(x — y)\/F(Z)2 -2k f(z) + K1

where we used the solution (63) and this fixes the constant K.
When we use the solution (63) to write F(z)? in the expression (60b), we get

2 T
max APE@] = (T~ 1) [Kf( y - 2w }—i—t?—/ dvifi - F@)

z(1)= )
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XL

Yy

0 ¢ T

Fig. 5 A schematic of a path leading to a fluctuation x at ¢ in region II, and subsequent relaxation to the
quasistationary position u

Using this in (60a) and the result that max; ) A(T'()[z(t)] =T [Kf(u) - F(é‘)z ] we get

2 T
) =1 |:Kf(u) - F(;) ]—r% +/ dtz[z — F(2)]

In this expression, the integration variable can be changed from 7 to z, and then using the
explicit solution (63), we get

W, o\ _ F(u)? ) ()
Y () =t |kf(u)— 5 F Vet X) + B (x, y) + F(y) (65a)

where y%) (x) is given in (52b), F(y) = —2 [ dz F(z) and

B 5 ' 2
Py =—t—+ | dz —F(z)+Sgn(x—y)\/F(z) — 2k f(2) + K1 | (65b)
y

We note that the condition (64) is equivalent to g, Em (x, y) = 0, which relates K to
y. In addition, the solution (65a) must be optimal over a variation in y. These two conditions
together leads to 9y, §t('()(x, y) = 2F (y), which with the formula (65b) gives K| = 2k f(y).
We note that this is equivalent of continuity of z(7) at T = 0 in the solution (63). This result
for Ky, along with (64) and (65a—65b) gives a parametric solution of 1//,(K)(x) in region II.

We have checked that the same result could be derived using the eigenfunction of the tilted
Fokker—Planck operator discussed earlier in Sect.4.

6.3 The Hamilton-Jacobi equations from the variational approach

In Sect. 4 we have shown how one can write the large deviation function in terms of a solution
of the Hamilton—Jacobi equations (43a,43b) derived from the tilted Fokker—Planck operator.
In this section, we describe how the same equations can be obtained using the variational
formulation in (58). The advantage is that this variational approach can be extended to
more general problems (see our future publication [52], where the approach becomes a
generalization of the one by Bertini et al. [79]).

We start with a derivation of (43a). Using the definition (6) one can write for the Langevin
equation

G® (x]y) = / 4z GM (6P 2y (66)

A schematic illustrating this integration is shown in Fig. 6.

@ Springer



794 B. Derrida, T. Sadhu

/33

Fig.6 A schematic of the sample of paths contributing in the time convolution in (66)

Using the large deviation form (44) and the path integral representation (56), for small €,
it is straightforward to write

000 =¥ o) = max 5@y - iR @) (©7)
where, from the Action (57), we get for small ¢,
1[@z—) :
57y =) = 5 [ t S F(y)} +oe
Expanding (67) around y we get
F(y)? 1 (z — y)?
X0) =k f(3) = =5+ —max {2 = NIFO) = ddild ] =~

Higher order terms in the expansion are negligible in the small ¢ limit.
In this expression, the maximum is for

€= _p ) — v )

Substituting this in the above expression for x (k) and taking t+ — 0 limit we recover the
Hamilton—Jacobi equation (43a) for 4(x) = 0. One can similarly derive the Hamilton—Jacobi

equation (43b) for ‘Z’r(i’;n (x). The analysis could be extended for i (x) # 0, as well.

7 The effect of conditioning on the noise

In Sect. 3, we found (shown earlier in [44—47]) that the Langevin dynamics (28) conditioned
on Qr,forlarge T, can be effectively described by another Langevin equation with a modified
force (39a-39d), and still a white noise. Here, we show that the noise realizations in the
original Langevin equation (28), which are compatible with the condition on (30), are colored.

The effective dynamics

In (39a-39d) we have seen that the Langevin dynamics conditioned on Q7 in (30) can be
described, in the large T limit, by another Langevin dynamics with an effective force F, ,()‘) (x)
and a Gaussian white noise 77, with mean zero and covariance (77,7,/) = € §(t — t’). In the
weak noise limit, the effective force in the quasi-stationary regime (r > land T —¢ > 1) is
given by (50) with (53), when 2 (x) = 0 in (30). So the effective dynamics, for large 7 and
small €, is

X, = —sen(X, — )| F(X)? = F(w? = 2L £ (X)) — f@)] + 7. (68)
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In this quasi-stationary regime, the most probable position X; = u is time independent
(under the condition that F(x)2 — 2« f(x) has a single global minimum at x = ). Writing
small fluctuations ; = X; — u around u, we get from (68)

Fo=—Lur +i, with L= JFG0? + F@F" () -k f"@).

The solution
t
r = / di’ e~ T t=1 5,
—00
leads to the following correlation
€

2r,

So, for small €, a typical trajectory of the effective dynamics in the quasi-stationary state has
small fluctuations around X; = u with correlation (69).

(X Xp)e = (rirp) = —e Tul =1, (69)

The conditioned dynamics

If we come back to the original Langevin equation (28),
Y, =FY)+m (70)

then, 7; is a priori delta-correlated in time. We are now going to show that conditioning on
a value of Qr for large T, induces correlations of the noise 7. To do so we use the fact that
at least for small € the trajectories of the dynamics (70) when conditioned on Q7 for large
T are the same as for the effective dynamics (68) and therefore

(Y;|Qr) = (X;) and (Y Yy|Qr1)c = (X: Xp)e (71)

Small fluctuations s; = Y; — u in the quasi-stationary regime are generated by a noise
realization 1, in (70) given by

N~ —Fu) 48 — F'(u)s; (72)
Then, using (69), (71), and (72) one gets

t'—1), fort' >t
Yool Qr)e = (s Q) = 1550 7 , (732)
gr(t—1), fort' <t
where
~-Fw+T, _p, ~-F'w-—-I, _p,
grt)= ——————¢ ' and gr(t)= —————¢ ' (73b)
2I 2T,

In this description (73a), we see that the fluctuation s, is correlated not only to the noise in the
past, but also to the noise in the future. Of course, when one removes the conditioning, i.e. for
k = 0, and using F(0) = 0 (assuming x = 0 is the stable fixed point for the unconditioned
case), one has Iy = —F’(0) and gg = 0, as one would expect in a Markovian process. One
can also see, using (69), (71), and (72) that

Fa? - 17 o~ Tult=1']
2T

This means that in the conditioned ensemble, the original white noise 7, in the Langevin
equation (70) becomes colored due to the conditioning on Qr, even in the large T limit.

(m|Qr) =—F@) and  (nny|Qr)c =€ (74)
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8 Summary

In this work we studied how a stochastic system adapts its dynamics when it is conditioned
on a certain value of an empirical observable Q7 of the form (4). This problem has been
studied earlier in [32,44—47]. The constrained dynamics in the large T limit is described by an
effective Markov process [see (21,26)] if the original process is itself Markovian. In the case
of the Langevin dynamics, the conditioning modifies the effective force [see (39a—39d)]. The
description in terms of the effective dynamics in the large 7 limit comes from an equivalence
of ensembles between the microcanonical ensemble [where conditioning is on a fixed value
of O7, defined in (4) and (30)] and the canonical ensemble (where the dynamics is weighted
by ¢*27). This is similar to the equivalence of thermodynamic ensembles in equilibrium
when volume is large. The equivalence of ensembles and several of the expressions obtained
in Sects.2 and 3 were already known [32,44—48,59], mostly in the quasi-stationary regime.
Here, we extend them to all regions of time.

In the weak noise limit of the Langevin dynamics, one can introduce large deviation
functions which characterize fluctuations in the conditioned dynamics, for large 7. Using a
WKB solution we showed in Sect. 4.1 that these large deviation functions can be expressed in
terms of the solution of the Hamilton—Jacobi equations (43a—43b). The same result can also be
derived (see Sect.6) using a variational formulation, where the large deviation functions are
related to the minimum of the Action that characterizes the path-space probability. Within this
variational approach, one can calculate the optimal trajectory, which describes how atypical
fluctuations are generated and how they relax (61, 63). A similar approach to our variational
formulation was used recently [50,51] in the quasi-stationary regime of a Langevin dynamics
in a periodic potential.

One of the rather surprising aspects in the Langevin dynamics (28) is that the noise
realizations, which are compatible with the condition on Q7 in (30) become correlated over
time [see (74)]. Moreover, fluctuations of the position at a time become correlated to the
noise in the future.

The examples discussed in this paper are simple as they deal with a single degree of
freedom. They are part of a theory which is rather general. In a forthcoming publication [52]
we shall apply the same ideas for a system with many degrees of freedom [12,24,30], e.g.
the symmetric exclusion process. The variational approach discussed here for the Langevin
dynamics can be generalized for large systems where the weak noise limit comes from the
large volume. Several of the ideas used in this paper will be extended there.

We have seen in (18c) and (38c¢) that in the quasi-stationary regime the canonical measure
is a product of the left and right eigenvectors corresponding to the largest eigenvalue of
the tilted matrix. Even in the non-stationary regime [see (25a)] the canonical measure is a
product of a left vector and a right vector, which evolve according to linear equations. This is
reminiscent of Quantum Mechanics, where probability is expressed as a product of the wave
function, as already noted by Schrodinger [84] (see also [85,86] for additional references).

Acknowledgements We acknowledge the hospitality of ICTS-Bengaluru, India, where part of the work was
completed during a workshop on Large deviation theory in August, 2017.

A Ensemble equivalence

In this appendix we show that, for large 7', the equivalence of ensembles holds for an arbitrary
time ¢. For an earlier derivation of the ensemble equivalence see [47].

@ Springer



Large deviations conditioned on large deviations... 797

As the reasoning is very similar in the five regions of Fig. 1, we will limit our discussion
to the case of region II, i.e. for 0 < t < T. Let P,(Ct, C, Q|Cp) be the joint probability
of configuration Cr at time 7', configuration C at time 7, and of the observable Qr to take
value Q given its initial configuration Cy at time O.

To establish the equivalence of ensembles in (17), we need to show that the conditioned
probability in the microcanonical ensemble

Ycr 2oc, Pi(Cr, C, Q =¢qT|Co)Ro(Co)

P(C|O =qT) = 75
(C1C =D = s S > PCr. L O = qTICORNC]

and the canonical measure
PO (C) = Yep X, [ dQ M Pi(Cr, C, QICo)Ro(Co) 76

Yo Yo, X, [dQ P (Cr, €', QICo)Ro(Co)|

converge to the same distribution for large 7 when A and ¢ are related by (12).
For this, we write, in terms of the probability (5),

Pi(Cr.C, Q =qT|Co) = /sz Pr—+(Cr.qT — Q4|C) Pi(C, Q:|Co) (77)

and use the large T asymptotics (13), which gives

_(T— —ta—ore'@) |9 (@)
Pr_(Cr,qT — Q;|C) ~ ¢ (T-1¢(q)—(tq—Q1)9'(q) 27T7TR¢>/(LI)(CT)L¢’W)(C)

Substituting in (75) and simplifying the expression for large 7 we get the microcanonical
probability

Ly )(©) Y, G2 (CICo) Ro(Co)
Yo Loy (€)X, G (C[Co) Ro(Co)

where Gf)‘)(C |Co) is defined in (6). On the other hand, using (9) for large 7" we get the
canonical probability

P(CIQ =qT) ~ (78)

Li.(C) Y ¢, G (€C1Co) Ro(Co)
Yo Li(C) Yo, GYA(C!1Co) Ro(Co)

Clearly the two probabilities in the two ensembles coincide for A = ¢(g). Replacing
GE)‘) (C|Cp) by Mi (C, Cp) in (79) leads to the canonical measure (18b).
The same reasoning can be easily adapted in the other regions of Fig. 1.

P (C) ~

(79

B Continuous time Markov process

In this Appendix, we describe a continuous time limit of the Markov process, illustrated in
Fig.7. In this, the empirical observable analogous to (4) is the dt — 0 limit of

I

di
Or=dt Y f(CH+ > 8(CF.Cr) (80)

i=0 n

where ¢ = i dt, and (C,;, C;}") are the configurations before and after the nth jump during
the time interval [0, T'].
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Fig.7 A schematic of a time 02
evolution in a Markov process
with discrete time steps d¢. The

continuous time limit is obtained Cl
by taking dt — 0 limit

From (7) we get

G (C'1Co) =Y My (C', C) G}, (C|Co)
C

where

Mo(C', C)eMdt 1©+8(C.O1 for " £ C,

M, (C',C) =
(€ 6) Mo(C, C)erdt f(©) for ' = C.

Using the construction (27) for My(C’, C) we take the continuous time limit df — 0 and
get

d 6y, / o)
—7G7(C'ICo) =;MA<C,C>GT (CICo) (81)

where we recover an earlier result [6,47] for the tilted matrix M for the continuous time
process, given by

20 Mo (C, € for C' # C,
M o) =1{¢ e 0 , 7> (82)
Af(C)—ZC//#CMo(C ,C) forC'=C.
This shows that the generating function is the (C, Cop)th element of e M je.
G (ClCo) = "M (C, Co) (83)

Although (81) resembles a Master equation, the tilted matrix M, is not a Markov matrix as
Zc’ M, (C’, C) does not necessarily vanish.

For large T, one would get G(T)‘) (C|Co) =~ eTHM R, (C)L;(Co) where the cumulant
generating function () is the largest eigenvalue of M; with L, (C) and R, (C) being the
left and right eigenvectors, respectively. (Note the difference with the discrete time case (9),
where (1) is the logarithm of the largest eigenvalue of the tilted matrix M) in (8).)

In a similar construction, one could get the continuous time limit of the canonical measure
(18a—18d) and its time evolution (20a—20d). The analysis is straightforward and we present
only the final result.

The time evolution of the canonical measure P,(M (C) for a continuous time Markov
process is also a Markov process

d
SRV =3 W opP e (84)
C

where W,()‘) (C’, C) is the transition rate from C to C’ at time # in the canonical ensemble. The
canonical measure and transition rate have different expressions in the five regions indicated
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in Fig. 1. Their expression is given below, where we use a matrix product notation, e.g.
[LiMI(C) = 3o Li(CHML(C, O).

1. Region L.
—IMOI(CYRy(C)
PP c :[L,\e 1(O)Ry 85
T O =S LR (85a)
W) o LLreMO(C) s [Laem™MOMo] (0) /
WEC O = ey M O T Ty fee D)
2. Region II.
W, LaO[e™M Rol(C)
PO = Gty s L O RO (s
O ) L) ,
W7(C, C) = L, M;(C, C) — u(A)der,c (86b)
3. Region III.
P (C) = Li(C)R,.(C) (87a)
W (! Ly (C") ,
;7 (C,C) = 7. My(C', C) — n(M)éer ¢ (87b)
4. Region IV.
0o [LoeTDMY(C)R,(C)
P(C) = e(T—1)u(d) ZC’ R,(C) (88a)
(T-OMq (! Lo eT—DM;
W', ¢y =tkoe ](C)M)\(C’,C)—[ 0¢ M ] (C)acr,c (88b)

[Lo eT=DMi](C) [LoeT-DM:](C)

where the left eigenvector L for the original (unconditioned) evolution is a unit vector
such that [Lo M3 1(C) = > My (C', C).

5. Region V.
(t—T)My
PPy =IO (892)
Zc, R, (C)
W (€', €) = Mo(C', C) (89b)

These expressions of Pt(’\) and W,O‘), particularly (86a) and (87), have been derived earlier in

[47]. The results for W,(”\) can be viewed as a generalization of the Doob’s h-transformation
[42,47].

One can verify the property >~ W,()”)(C ', C) = 0 in all five regions. Moreover, setting
A =0,and Lo(C) = 1, gives W,(O) (C’, C) = My(C’, C), as one would expect.

C Langevin dynamics as a limit of a Markov process

In this appendix, we show how the case of Langevin dynamics in Sect. 3 can be obtained as
a continuous limit of the discrete time Markov process in Sect. 2.
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| |
I I I I
1—1 [ 1+ 1
Fig. 8 A jump process on a one-dimensional chain where a particle jumps to its nearest neighbour site with
rates indicated in the figure

Let us consider a jump process on a one-dimensional lattice where a configuration C is
given by the site index i as indicated in Fig. 8. Only nearest neighbor jumps are allowed with
transition rates that we take of the form

MoGi £ 1, 1) = % + %F(ai) (90)

with Mo(i, i) = 1 — €, where a is the unit lattice spacing, € < 1 is a fixed parameter, and
F(x) is an arbitrary function defined on the lattice.
The probability P; ; of the jump process to be in site i at time ¢ satisfies the Master equation

Pii1i=MoG,i+ 1P i1 +MoG,i —DP i1+ MoG,i)P; on

Taking the limit a — 0, keeping € arbitrary, one can easily see that P, (ai) = P;; follows
the Fokker—Planck equation (29). This shows that the continuous limit of the jump process
is indeed identical to the Langevin dynamics (28).

One can similarly obtain the tilted Langevin dynamics from the continuous limit of the
jump process when weighted by ¢*€ with the observable Q in (24). For this we define

i) =d*f(ai,a®) and  g(j.i)=(j—i)alah(aj, a®)+ 1 —a) h(ai,a’t)}
where « is the parameter, which specifies the prescription (ito or Stratonovich) as in (31).
Then, the continuous limit of (24) corresponds to an observable Q of the Langevin dynamics

Q:/dt f(Xt,t)+/dX,h(X,,t) (92)

In the expression (25a) for the canonical measure if we define Hcf;‘t) (ai) = Z,()‘) (i) and
Hi}}t (ai) = Zg}") (i), then in the continuous limit @ — 0 we get the canonical measure for
the Langevin dynamics weighted by ¢*€ with Q in (92):

A A

HY (0 B (x)

) A
Jdy HY ) HP ()

PP (x) = 93)

The time evolution of H,(’\) (x) and ]HI,(’\) (x) are obtained from (25b—25c) for the jump process
by taking the a — O limit, keeping € fixed. We get

L@ =2 f e BO ) — (L ) FoEP 0 + & d—zHW(x)
dr ' B T dx ' ! 2\dx2™!
—21 h(x, t)%H,m () —2(1—a)r dch(x, VHP (x) + A2h(x, )2 HY (x)>

(94a)
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2

d d d
—EH?’ () = Af G, HHP () + F(x) (E + Ah(x, t)) HY (x) + %(EH,@) (x)

d
+2) h(x, t)EHf” () 4 2 dch(x, NH™ (x) + A2h(x, 1)2H, (x))

(94b)
Similarly, the continuous limit of (21, 26) gives the Fokker—Planck equation
d A d A A € dz A
PP @ = [FPwPP W]+ 5 15 PP w (952)
where the modified force
d
FPx)=F(x)+e (x h(x, 1) + —log H (x)) (95b)
X

This gives the time evolution of the Langevin dynamics when it is weighted by the observable
(92).

Remarks 1. In the derivation of (95a) we have used that the denominator in (93) is time
independent, which can be checked using (94a, 94b).

2. The Fokker—Planck equation (95a) shows that the effect of biasing a Langevin dynamics
by ¢*€ with an arbitrary time dependent observable (92) is described by another Langevin
dynamics with a modified force (95b), but the noise strength € remains unchanged. This
works even without a large parameter 7 (see [38,49] for earlier examples of conditioned
dynamics).

Our results in Sect. 3 belongs to a particular case, where the observable (92) is defined in a
large time interval [0, T']. This corresponds to [see (30)]

F fx)fort €]0,T], and  h(x.0) h(x) fort € [0, T,
X, = X, =
0 otherwise, 0 otherwise.
In this case, (94a,94b) gives
d o ®) d o i )
EH’ (x) = L) - H™ (x), EH’ (x) =—=L"(2) - H,” (x) (96)

where L(t) = L, fort € [0, T] and L(t) = Ly outside this time window, with the operators
defined in (29) and (33); similar for the conjugate operator £ (¢).

This gives, for example, fort < 0, H,(’\) (x) = ro(x) (defined in (35)), whereas Hgk) (x) ~
e ! . eT‘:j\ - £o(x), (upto a constant pre-factor) which in the large 7' limit, gives Hﬁx) (x) ~
eTr) [e”’cg ~£,\] (x). Substituting these in (93) and (95b) we get the expression for the
canonical measure (38a) and effective force (39a), respectively, in region I of Fig. 1. Results
for rest of the regions in Sect. 3.2 can be obtained similarly.

Lastly, from (25b) one could see that for the observable (4), the generating function
G (C|Cp) in (6) is identical to ZY(C) if one sets Z{ (C) = 8¢, Then from the above
calculation it is straightforward to show that in the continuous limit one would get (32).
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D Path integral formulation

The path integral formulation of a Fokker—Planck equation is standard [83]. The Fokker—
Planck equation (29) can be written as
d P (x)
dt

d € d? _ . d
== FOP1+ 55 P00 = =H (x, —i— ) Pi(x)

such that H(x, p) = F'(x) +iF(x)p + %pz. Considering a small increment d¢ in time, we
get

Prtar(x) :/dx/ |:1 —dtH (x, —i%)] S(x —xP(x)

dp dx’ . ,
:/ an [1—dtH (x, p)le P ) P(x))

where we used the Fourier transform of the Dirac delta function §(x — x'). Iterating the
evolution and taking df — 0 limit we get a path integral representation

UT)=x T

Pr(x) = / DIz, plelo #lpi-HGp)]
z2(0)=y

with an initial condition Py(z) = §(z — y). The H(z, p) is quadratic in p, and the corre-

sponding path integral can be evaluated exactly, giving

()=
P = [ Dl e ror g
z2(0)=y

This is the path integral representation of the Fokker—Planck equation (29).

It is straightforward to generalize the above analysis for the generating function (32) and
we get

z2(T)=x )
6P = [ prze o) ©72)

z2(0)=y

where the Action

T . 2
SPlel = / di [kf(z) +A3h(7) — % ~Fl(2) — €A (a - %) h’(z)]
0

(97b)

Taking small e limit, we get S\ [z] ~ L 5% [2] with the latter given in (56) where we used
h(x) = 0.
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