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Microcanonical conditioning of Markov processes on time-additive observables

Cécile Monthus
Université Paris Saclay, CNRS, CEA, Institut de Physique Théorique, 91191 Gif-sur-Yvette, France

The recent study by B. De Bruyne, S. N. Majumdar, H. Orland and G. Schehr [J. Stat. Mech.
(2021) 123204], concerning the conditioning of the Brownian motion and of random walks on global
dynamical constraints over a finite time-window 7', is reformulated as a general framework for the
‘microcanonical conditioning’ of Markov processes on time-additive observables. This formalism is
applied to various types of Markov processes, namely discrete-time Markov chains, continuous-time
Markov jump processes and diffusion processes in arbitrary dimension. In each setting, the time-
additive observable is also fully general, i.e. it can involve both the time spent in each configuration
and the elementary increments of the Markov process. The various cases are illustrated via simple
explicit examples. Finally, we describe the link with the ’canonical conditioning’ based on the
generating function of the time-additive observable for finite time 7', while the regime of large
time T allows to recover the standard large deviation analysis of time-additive observables via the
deformed Markov operator approach.

I. INTRODUCTION

Time-additive observables of Markov processes have attracted a lot of interest recently, in particular in the field
of non equilibrium steady states in order to characterize their dynamical fluctuations over a large time-window 7.
From the point of view of the large deviation theory (see the reviews [1-3] and references therein), time-additive
observables belong to the Level 1 and can be thus analyzed via the contraction from higher Levels. For instance, the
large deviations at Level 2 for the empirical density allows to analyze the time-additive observables that only depend
on the time spent in each configuration, but the Level 2 is usually not closed for non-equilibrium processes with steady
currents. By contrast, the Level 2.5 concerning the joint distribution of the empirical density and of the empirical flows
can be written in closed form for general Markov processes, including discrete-time Markov chains [3-8], continuous-
time Markov jump processes [4, 7-28] and Diffusion processes [7, 8, 12, 13, 16, 26, 29-31]. In addition, this Level 2.5
is necessary to analyze via contraction the general case of time-additive observables that involve not only the time
spent in each configuration but also the elementary increments of the Markov process. Another standard method to
characterize the statistics of a time-additive observables is to study its generating function via the appropriate deformed
Markov operator that does not conserve the probability [16, 31-74], while the probability-conserving Markov process
corresponding to this 'canonical conditioning’ can be written from the generalization of Doob’s h-transform.

On the other hand, the 'microcanonical conditioning’ of one-dimensional stochastic processes on time-additive
observables has been considered recently in order to have efficient methods to generate stochastic trajectories satisfying
global dynamical constraints over a finite time window 7T'. The conditioning on the area has been studied via various
methods for Brownian processes or bridges [75] and for Ornstein-Uhlenbeck bridges [76] (see also [77-79] for the
discussion of other types of conditioning). The conditioning on the area and on other time-additive observables has
been then analyzed for the Brownian motion and for discrete-time random walks [80], building on previous works
[81-86] concerning the standard Doob conditioning, where the goal was to generate stochastic trajectories ending in
a specific configuration at time 7.

In the present paper, the approach of the recent study [80] is reformulated as a general framework for the 'micro-
canonical conditioning’ of Markov processes on time-additive observables, where the Markov process can be either
a discrete-time Markov chain, a continuous-time Markov jump process or a diffusion process in arbitrary dimen-
sion, while the time-additive observable can involve both the time spent in each configuration and the increments of
the Markov process. This general formulation allows to make the link with the ’canonical conditioning’ framework
mentioned above.

The paper is organized as follows. In section II, we summarize the general ideas that allow to analyze the micro-
canonical conditioning of a Markov process on a time-additive observable. The specific applications to discrete-time
Markov chains, to continuous-time Markov jump processes and to diffusion processes are then described in the sections
IIT, TV and V respectively. Our conclusions are summarized in section VI. The links with the canonical conditioning
on a time-additive observable are discussed for finite time T in Appendix A and for large T in the large deviation
regime for the time-additive observable in Appendix B.



II. MICROCANONICAL CONDITIONING ON A TIME-ADDITIVE OBSERVABLE

In this section, we summarize the general ideas and notations that will be useful in the whole paper. The equations
will be written for discrete variables (x, A), but the adaptation to continuous variables (x, A) is of course straightfor-
ward : one just needs to replace sums by integrals, and discrete delta functions by continuous delta functions.

A. Notion of time-additive observable A(t) for the Markov process z(t)

For the Markov process z(t), the observable A(t) is called time-additive if the difference (A(t2) — A(t1)) between
the value A(tz) at time t5 and the value A(t1) at time ¢; is a deterministic function A[.] of the Markov trajectory
z(t; < s <ts) between s =t; and s = t9

Atz) — A(t1) = Alz(ty < s < t2)] (1)

B. Notion of microcanonical conditioning for the Markov process z(t) and its time-additive observable A(t)

In the main text, we will focus on the ’microcanonical conditioning’ where both the initial values (zg, Ag) at
time ¢t = 0 and the final values (xr, A7) at time ¢ = T are fixed for the Markov process z(¢) and its time-additive
observable A(t). In order to analyze what happens at intermediate times ¢ € [0,7], the approach described in [80]
can be decomposed in the three steps described in the following three subsections.

C. Joint propagator P; ., (z, A|lxo, Ao) for the Markov process and its time-additive observable

The first step concerns the joint propagator P, (z, A|zg, Ag) of the Markov process x(t) and of its time-additive
observable A(t)

P 4o (2, Alzo, Ao) = (0a(t),20At),4 Oa(to),m00A(to), Ao ) (2)

Since the time-additive observable is a deterministic function A[.] of the Markov trajectory x(to < s < t) (see Eq. 1),
the joint propagator P, ;. (x, Alxo, Ag) satisfies :

(i) some Markov forward dynamics with respect to its final variables (x, A) at time ¢

(ii) some Markov backward dynamics with respect to its initial variables (zg, Ag) at time tg.

D. Conditional probability PF°"?(x, A) if starting at (xo, Ao) at time ¢t = 0 and ending at (z7, Ar) at time t =T

The second step concerns the conditional probability P4 (x, A) to be at the values (x, A) at some intermediate
time ¢ €]0, T if starting at the values (xg, Ag) at time ¢ = 0 and ending at the values (z, A7) at time ¢ = T. The
probability Pro(zr, Ar|xo, Ag) to end at (zp, A7) at time ¢t = T when starting at (zo, Ag) at time ¢ = 0 satisfies the
Chapman-Kolmogorov equation with respect to any internal time ¢ €]0, T

Pro(er, Aplre, Ao) = > Y Pra(zr, Ar|z, AP o(x, Alzo, Ag) (3)
z A

So the conditional probability PE°"4(x, A) to see the values (z, A) at the internal time ¢ €]0, 7 is simply given by

the ratio
_ Pri(xr, Arlz, A) P o(x, Alzg, Ao)
Pro(zr, Ar|xo, Ao)

P, A) @

It is normalized as a consequence of Eq. 3

SN PPz, A) =1 (5)
T A



and it satisfies the fixed boundary conditions at time ¢ = 0 and at time t =T

_ Pro(zr, Ar|x, A)Pyo(x, Alzo, Ao)

Cond A _
7)0 (LL', ) PT,O(xTaAT|9307AO) 51,9306A,A0
Prr(xr, Ar|x, A)Pro(x, Alzg, Ao)
Cond _Aryr\LT, AT L, T,0\+Ly ) o
PLond(z A) = Pro(er. Arlro. Ao) = 0r0r0A,Ar (6)
Cond

E. Markov dynamics for the conditional probability P; "% (z, A)

The third step consists in deriving the Markov dynamics of the conditional probability P4 (x, A) from the Markov
dynamics satisfied by the two joints propagators in the numerator of Eq. 4, namely :

(i) the Markov forward dynamics of the joint propagator P o(z, A|zo, Ag) with respect to its final variables (z, A)
at time ¢

(ii) the Markov backward dynamics of the joint propagator Pr(zr, Ar|z, A) with respect to its initial variables
(z,A) at time ¢t

In the three following sections, the Markov dynamics for the conditional probability P °"?(x, A) is written explicitly
for discrete-time Markov chains (section III), for continuous-time Markov jump processes (section IV) and for diffusion
processes (V).

III. APPLICATION TO DISCRETE-TIME MARKOV CHAINS

In this section, we focus on the Markov Chain dynamics where the probability P;(z) to be in the configuration z
at time ¢ evolves according to

Pra(x) =Y W(x;a)Pi(a') (7)

The matrix element W (x;2’) € [0, 1] represents the probability to be in the configuration x at time (¢ + 1) if in the
configuration z’ at ¢, with the normalization for any

ZW(x;x') =1 (8)

The time-additive observable A(t) of the trajectory x(t; < s < t3) of Eq. 1 can be parametrized by some function

B(z,y)

> Bla(s),z(s — 1)) (9)

s=t1+1

A(tg) — A(t1) = A[Jf(tl <s< t2)]

Since the time ¢ and the space = are both discrete, the equations will be written below for the case of a discrete
variable A, but the adaptation to a continuous variable A is of course straightforward : one just needs to replace sums
by integrals, and discrete delta functions by continuous delta functions.

A. Dynamics of the joint propagator P;:,(z, A|zo, Ao)

Since the increment between ¢ and (¢ + 1) of the time-additive observable A(t) of Eq. 9 reduces to

At +1) — A(t) = B(a(t + 1), x(t)) (10)
one just needs to introduce the joint generator
Wz, Aja’, A') = W(x;2")0a, 404 (a07) (11)

that involves the initial Markov matrix W (z;z") of Eq. 7, while the delta function in A describes the deterministic
evolution of the time-additive observable once the configurations = and 2’ are given. The normalization of Eq. 8
ensures the normalization of the joint generator for any (z', A’)

Z ZW(CL‘, Az’ AN = Z W(z;2') =1 (12)
xr A T



The joint propagator P, 4, (x, Alxo, Ao) of Eq. 2 satisfies
(i) the forward dynamics with respect to the final variables (z, A)

Prig (@, Alzodo) = > Y Wi, Asa’, A') Py gy (2, A'lwo Ao) (13)
z’ A

(ii) the backward dynamics with respect to the initial variables (zq, Ao)

Pryg-1(x, AlzoAo) =Y Y Poyy (a, Al Ag)W (ay, Ap; w0, Ao) (14)

’
z Aj

B. Forward Markov dynamics for the conditional probability Pco"d(ac,A) with a time-dependent generator

Let us plug the forward dynamics of Eq. 13 for P11 (z, Alzg, Ag) into the conditional probability of Eq. 4 at time
(t+1)

P&o;md( ,A) — PT,t+1(xT7AT|x7A

PTfO(xTuAT|fI;O7A0 t+1, O(x |'T07 O)

)
)
_ Prigi(zr, Arle, A)
~ Pro(zr, Ar|zo, Ao)

ZZW z, Az’ AP o (2, A'|zo Ag) (15)

Let us now use the conditional probability at time ¢ of Eq. 4 to replace Py, (z', A’|zoAp)

Pro(zr, Ar|zo, Ao)
Pr(xr, Apla’, A’)

Py o(2', A'lzo, Ao) = P!, A') (16)

in order to rewrite Eq. 15 as the forward Markov dynamics

P, (xr, A7z, A) Pro(zr, Ar|xo, Ao)
Cond A _ T,t+1 ) ) /dA/W Al A ’ ’ Cond A
P (z,4) Pro(xr, Ar|xg, Ag) Z, (w, 4;2", &) Pr(zr, Ar|2’, A7) Fi (:c )

=2 [ aa Wi AT gt P, ) (a7

where the generator associated to this forward conditioned dynamics

Forwlzp,Ap;T) / o / 1
Wf+1/2 (z, A; x’ LA = PT7t+1($T7AT|$7A)W(ZC,A7$ VA )PT,t(wT,ATkU/yA/) (18)

is time-dependent because the joint generator W(x, A;2’, A’) of Eq. 11 is conjugated with the full propagators
Priyi1(zp, Ar|z, A) and Pr(zp, Ar|z’, A") up to the imposed final values (zr, Ar) at time 7. The normalization
for any (a’, A’) of this conditional forward generator

DS e ) =1 1

is ensured by the backward recursion of Eq. 14.
The physical meaning of the generator of Eq. 18 is that in the conditioned dynamics, the possibles transitions
are the same as in the initial dynamics (an impossible transition W (x, A;2’, A’) = 0 in the initial dynamics remains
Forwlzp,Ar;T]
Wt+1/2

probabilities that have changed from W (x, A;z’, A’) to thj_i%[xT’AT’T] (z,A; 2’ A).

Forw[a:T,AT,T]
Wt+1/2
tories of the conditioned dynamics, one needs to know the explicit form of the joint propagator P; g, (x, A|xo, Ag) of
Eq. 2 satisfying the joint forward dynamics of Eq. 13.

impossible (z,A;2', A”) = 0 in the conditioned dynamics), but the possible transitions have different

In practice, if one wishes to use these new probabilities (z,A;2', A’) to generate stochastic trajec-



C. Backward Markov dynamics for the conditional probability Ptc""d(ac, A) with a time-dependent generator

Let us write the backward recursion of Eq. 14 for Pr(zr, Ar|z, A)

PTt .’L'T,AT|.’E A ZZPTtJrl mT,AT|a: A/ W(l‘/,A/;x,A) (20)
z' A’

and use the conditional probability of Eq. 4 at time (¢t + 1) to make the replacement

Pro(zp, Ar|xo, Ao)

P A / A/ Cond ./ A/ 21
ren(@r, Arfe’, 4) = P )PtJrl,O(xlvA/‘xOvAO) )
into order to rewrite the conditional probability of Eq. 4 as
P, o(z, Alzo, Ao)
Cond ’ ! t,0 <L) 0,410
A) = P, A A :
Pt (Ia ) ;; T,t+1(zT7 T|Ia )PT,O(xT7AT|‘TO7AO)
P A A P, Alzg, A
_ ZZPSrolnd A T,O(CUT,I T/|3307 0) W, Alsz, A) t,0(@, Alzo, Ao)
" Pit10(z’, A'|zo, Ao) Pro(zr, Ar|xo, Ao)
on Backw z0,A0;0]
= ZZP& Y, AW, t41/2 oo fl(e!, A2, 4) (22)
where the generator associated to this backward conditioned dynamics
acRw|x 1
W Backwlro.doi0l (41 A7 A) = W (2, A's 2, A)Pyo(x, Alao, Ao) (23)

t+1/2 Piy10(2’, Allzo, Ao)

involves the conjugation of joint generator W (z', A’; z, A) of Eq. 11 by the full propagators Pyy1 o(2’, A'|zo, Ag) and
P, o(z, Alzo, Ag) up to the imposed initial values (z¢, Ag) at time ¢ = 0.

D. Illustration with a simple example : conditioning the Sisyphus Random Walk on the number of resets

In the field of stochastic resetting (see the review [87] and references therein), one of the simplest example is the
Sisyphus Random Walk [88] defined on the semi-infinite lattice z = 0, 1,2, .. with the Markov matrix

W(z;2') = Roz 0+ (1 — R)0z 241 (24)

The physical meaning is that when Sisyphus is at position x at time ¢, he can either return to the origin = 0 with
the reset probability R €]0, 1[ or he can move forward to the next position (x + 1) with the complementary probability
(1-R).

As time-additive observable of Eq. 9, we will choose the function
B(z,2") = dz,0 (25)

in order to count the total number of resets to the origin during the time interval

Alty) — A(ty) = Alz(t; < s < ty)] = Z 8(s),0 (26)
s=t1+1

1. Explicit form of the joint propagator P i, (x, AlxoAo)

The joint generator of Eq. 11

W(:L’, A; x', A/) = W(l';xl)(sA,A’Jrézyo = R5z,05A,A’+1 + (1 - R)éx,m’+15A,A/ (27)



governs the forward dynamics of Eq. 13 for the joint propagator

“+o00 A
Prpro(x, Alzodo) =Y Y Wiz, Az, APy, (o, A'|oAg)
/=0 A=A,
+o0
= Ré,00(A > Ao) Z Py (2, A= 1zoAg) + 0(z > 0)(1 = R)Py gy (x — 1, AlzoAo)  (28)
x’=0

where the notation 6 is used to denote the inequalities that need to be satisfied. The solution can be directly written
from the renewal analysis of the dynamics

Pt,to (:L‘7 AleAO) = (1 - R)(t_to)éA,Aoéx,mo-F(t—to)
[t —to) —a—1]!
[(A — A(]) — 1} ' [(t — t()) — (A — A(]) — {E]'

The summation of Eq. 29 over the variable  allows to recover that the propagator for the variable A alone corresponds
to the binomial distribution for (A — Ap) and is independent of

+RA*A() (1 o R) (t*to)*(A*Ao)

1< A—Ag<(t—to)—x) (29)

—+oo
> Prgy(z, AlzgAg) = R*A740(1 — R)(Ite)=(A=A0)
=0

(t — to)'
(A= Ao)![(t —to) — (A — Ap)]!

= Pr4, (A|Ag) (30)
The summation of Eq. 29 over the variable A yields the propagator for the initial Sisyphus random walk z(t) alone

0(0 < A— Ay < (t—to))

+oo
> Pigy(, AlmgAg) =1 =R, 40 p it + RO = R0 <z < (t—tg) — 1) = Pryy(lze)  (31)
A=Aq

that converges towards the steady state corresponding to the geometric distribution

Puaglalwo) = R(1=R)"0(0 <) = Pu(a) (32)

t—to)—>+o0

2. Forward generator of the conditioned dynamics : resetting probabilities depending on time and configuration

For the conditioned dynamics, the forward generator of Eq. 18 reads using the joint generator of Eq. 24

Forwl[zr,Ar;T)| Ay _ WA 1
Wt+1/2 mar (1‘,14,33,14) —PT,t-i—l(-’ET)ATlx)A)W(xaAaxaA)PT’t(mT’AT|x/7A/)

Prii1(xr, Ar|0, A) Priii(xr, Ap|z, A)
Pr(zp, Ap|a’, A’) Pr (xr,Ar|a’, A)

= 5m705A7A/+1RﬁI}UZ[$T,AT;T] (I/7A,) + 5x,x’+15A,A/ (1 _ Rthlr;UQ[wT,AT;T] (.I‘/, A/)) (33)

+ (1 - R>5w,w’+16A,A’

= Roz,004,4 41

where the effective resetting probability towards the origin = 0 depends on the time ¢ and on the values (2/, A’) at
time t via

Prii1(zr, Ap|0, A" + 1)
Pri(zr, Apla’, A')

One can plug the explicit form of Eq. 29 for the joint propagator to obtain the explicit form of the effective resetting
probability of Eq. 33.

In summary, the conditioned dynamics corresponds to a Sisyphus random walk with modified resetting probabilities:
when Sisyphus is in the configuration (2, A’) at time ¢, he can either return to the origin = 0 and increment the

observable A = A’ + 1 with the reset probability Rff{%[wT’AT;T]

(2’ + 1) and keep the observable A = A’ with the complementary probability [1 — Riﬂ}g”’AT;T} (a', A")).

The ’canonical conditioning’ (see the reminder in the two Appendices) of the Sisyphus Random Walk has been
studied in [7] for the more general case where the reset probabilities of the initial model are space-dependent R,
(instead of being given by the constant value R) and where the time-additive observable involves an arbitrary function
Bz, z').

As a final remark, let us stress that other explicit examples of microcanonical conditioning for discrete-time random
walks on time-additive observables can be found in [80].

RFOT1U[$T7AT;T](£L'/,AI) — R

t41/2 (34)

(2', A’) or he can move forward to the next position



IV. APPLICATION TO CONTINUOUS-TIME MARKOV JUMP PROCESSES

In this section, we consider the continuous-time dynamics in discrete configuration space defined by the Master
Equation

OiPi(w) = [w(x;a')Pi(a’) — w(a';2) Py(x)] (35)
z'#x

where w(x;2’) > 0 represents the transition rate from z’ towards z # z'.
The time-additive observable A(t) of the trajectory z(t; < s < t3) of Eq. 1 can be parametrized by the two
functions a(z) and S(z,y)

Alt2) = A(ty) = Alz(ty < s < 12)] = / 2 dsa(z(s)) + > Bla(sh),z(s)) (36)
t sE[ty, ta]iw(sT)Ex(s)

Whenever the function «f(.) is present, the observable A is continuous, so the equations will be written for continuous
A in the following general subsections, while an example with discrete variable A will be given in the last subsection.

A. Dynamics of the joint propagator P, ., (z, A|zo, Ao)

Between ¢ and (¢ + dt), the elementary increment of the time-additive observable of Eq. 36 reduces to
A(t +dt) — A(t) = dte(z(t)) + Su(ttary£a(n B2t + di), (1)) (37)

As a consequence, the function «(.) corresponds to a deterministic drift for the continuous observable A, while the
function B(.,.) will appear via the following delta function in the joint jump rates from z’ to = # z’

w(x, A;z' ) A) = w(z; 2" )6(A — A — B(x, 1)) (38)

So the joint propagator P ¢, (x, A|zo, Ao) of Eq. 2 satisfies :
(i) the forward jump-drift dynamics with respect to the final values (z, A) at time ¢

O Py (x, Alzg, Ag) = —0a [a(x) Py, (x, Alzo, Ao)]

+y /dA’ {w(x, Az, APy, (2!, Allg, Ag) —w(a, Ay 2, APy (, Alzo, Ag) | (39)
z'#x
(ii) the backward jump-drift dynamics with respect to the initial values (xg, Ag) at time ¢g

—04o Py 1o (7, Alz0, Ag) = (0)0a, Prt, (2, Al20, Ao)
+ Z /dA6 {Pt,to(x,Amg,Ag) — Pyt (z, Alzo, Ao) |w(z(), Ay; o, Ap) (40)

I(’ﬁéﬂﬁo

B. Markov dynamics for the conditional probability Pfo"d(x, A) with a time-dependent generator

Let us now focus on the dynamics for the conditional probability P4 (x, A) of Eq. 4. Its time-derivative involves
the derivatives of the two propagators of the numerator

Py o(x, Alzo, Ag) n Pr(zr, Ar|z, A)
Pro(zr, Ar|zo, Ao) = Pro(zr, Ar|zo, Ao)

Pz, A) = [0:Pr (a7, Ar|z, A)) [0:P;.o(z, Alzo, Ap)]  (41)

Since the propagator P;o(x,Alxg, Ag) satisfies the forward dynamics of Eq. 39, and since the propagator
Pr(xp, Ap|z, A) satisfies the backward dynamics of Eq. 40
—atPT7t($T,AT|.’17,A) = a(m)@APT,t(xT,AT\m,A)

+ 3 /dA’ [Pri(wr, Arla’, A') — Pry(zr, Aplz, A w(a’, Az, A) (42)
z'#x



Eq. 41 becomes

P, o(z, Alzo, Ao)
Pro(xr, Ar|xg, Ag)
P, o(z, Alzo, Ao)

* Pro(zr, Arlzo, Ag)

Pr(xr, Ap|z, A)
Pro(zr, Ar|xo, Ag)

Z/dAPTt(xT,Aﬂx Aw(z' | Az, A)

0Py (w, 4) = —a(z)

0aPri(xp, Ar|z, A) — a(x)

0P o(z, Alxo, Ao)

ot
Pizz;ﬁﬁﬁiio ;/dA’ @, Ay, APy o(a!, Allg, Ao)
(43)
(i) Forward perspective : Eq. 4 allows to replace all the propagators on [0, t]
Pro(xr, Ap|xg, A
Prola: Afoo. As) = PE (o, 4) PO S0 2] (44)
in Eq. 43 to obtain the forward dynamics

0, PLo N (x, A) = —a(x)DaPf ™ (x, A)

+) / dA’[ Forwler ATl A: 5!, AYPEOM (3! A) — wf T AT (01 4 g AYPEod (2 A)| (45)
vt

The difference with respect to the initial forward joint dynamics of Eq. 39 is in the time-dependent forward rates

1
Pr(zr, Apla’, A’)

wfom[xT’AT;T] (z, A;a’, A") = Pry(ar, Ap|x, A)w(z, A;2’, A”) (46)
that involve the conjugation of the joint rates w(z, A;2', A') = w(x;2')0(A — A’ — B(x,2')) of Eq. 38 with the full
propagators Pr_;_1(xr, Ar|z, A) and Pp¢(xr, Ap|z’, A") up to the imposed final values (zr, Ar) at time T. Eq. 46
is the analog of Eq. 18 concerning discrete-time Markov chains.

(ii) Backward perspective : Eq. 4 allows to replace all the propagators on [t, T

Pro(zr, Ar|zo, Ao)
P, o(x, Alzg, Ao)

Pri(xr, Ar|z, A) = PE"(z, A)

in Eq. 43 to obtain
—0yPL" (w, A) = ()04 P " (2, A)

+y / dA’ {PC"”d(x AypPockwleo Aol qr g A) — pond (g AypPrekelro Aol a0 AN (48)
'7£$

where the time-dependent backward rates

1
Py o(a', A'|xg, Ag)

wBeckwlzo A0l (01 A1 g Ay = w(z!, Ay, A) Py oz, Alzg, Ao) (49)

involve the conjugation of the joint rates w(z, A;z’, A') = w(z;2')6(A — A’ — B(z,2')) of Eq. 38 with the full
propagators P o(z', A'|xo, Ag) and Py o(x, Alzo, Ag) up to the imposed initial values (zg, Ao) at time t = 0. Eq. 49 is
the analog of Eq. 23 concerning discrete-time Markov chains.

(iii) The compatibility between the two dynamical equations of Eqs 45 and 48 can be checked via their sum

0~ Z /dA/|: Forw[acT,AT,T](x A 2 A/)PCond( A/) FOTw[wT,A% (z’,A’;x,A)PtCO”d(a:,A)}
z'

+ Z /dA/ |:Pcond(l‘ A) Backw[zo,Ap;0] (.%' A/ , A) PCond(x A) Backw(zo,A0;0] ((E A 2 A ):| (50)
I#w

that is found to vanish using Egs 46 49 and 4.



(iv) The half-difference between the two dynamical equations of Eqs 45 and 48 yields the new dynamical equation
O P (w, A) = —a(2)0aPy " (2, A)
+ Z /dA' |:w£J?T,AT§T]7[fO,AO§O]({L‘7A; x’,A’)Pfj""d(ac’,A’) _wLIT,AT§T]#[507AO§O] (m’,A';x,A)Pfj"”d(x,A)] (51)
x'#x
with the time-dependent rates

Forwlzr,Ar;T] AT Backw[zo,A0;0) /1 4/.
[z7,AT;T],[x0,A0;0] Y] Wy (xa Ay, A ) — Wy (33 Az, A)
wy (z, A; 2", A") 5

1 1
Pr.i(zr, Arla’, A7) P.o(z/, Az, Ag)

_ % {PT7t(xT, Arle, Ayw(z, A: o, A") w(a!, Ay 2, A) Py, Alo, AO)} (52)

C. Simple example : conditioning the Sisyphus Markov Jump process on the number of resets

Let us now consider the continuous-time analog of the Sisyphus Random Walk discussed in subsection IIID. The
Sisyphus Markov Jump process defined on the half-line x = 0, 1,2, .. is defined as follows : when Sisyphus is at position
x at time ¢, he can return to the origin x = 0 with the reset rate r, he can move forward to the next position (z + 1)
with rate w, and otherwise he remains at its position x.

As time-additive observable A, we will choose the number of resets, so that the joint generator of Eq. 38 becomes

w(z, A;2’, A') = 18,004 4741 + WOz w1104 a0 for (z,A) # (2, A") (53)

1. Joint propagator Py, (xz, AlxoAo)

The forward dynamics of Eq. 39 reads for the present model where A is discrete with the generator of Eq. 53

atPt7t0<$,A|.fL'0,A0) = Z |:’U)(J},A, Z‘/,A/)Pt)to(.’lil,A/‘l‘o,Ao) —’IU(.CL‘/,A/;.’E,A)Pt)tO(.’B,A|$0,A0)
(2", A")#(x,A)
+oo
=10,00(A > Ap) Z Py o (2, A —1|zg, Ag) + wb(x > 0) Py (x — 1, Alzg, Ag) — (r + w) Py, (z, Alzg, Ag) (54)
z’'=0

The solution can be directly written from the renewal analysis of the dynamics

_ (x—z0)
Prao (o Al o) = 77705 (0 > ) UL e
—1o)*

T(AiAO) —r(t—to) w* (1=t0) (A—Ap)—-1,_z —wT
The summation of Eq. 55 over the variable x allows to recover that the propagator for the variable A alone corresponds
to the Poisson distribution for (A — Ap) and is independent of z

+oo —

t — tg)](A—40)
Y Prgy(w, Alzg Ag) = 0(A > Ao) It (A 0)}A e ) = Py (A]Ao) (56)
=0 - 0)'

The summation of Eq. 55 over the variable A yields the propagator for the initial Markov process z(t) alone

+o00 — t—t

t —to)]&—0) z  r(t—to)
Z Py (x, AlzgAo) = e_’"(t_t")ﬁ(x > xo)—[w( o) e~ w(t—to) 4 Oz > O)rw— drr®e=(wtnT
o (t —tp)! ! Jo
A=A
= P, 4, (z|zo) (57)
that converges towards the steady state corresponding to the geometric distribution
,LUI

+o0 z
P, ~ >0 drrte—wrnr — T (Y ) _p 58
b0 ([70) (t—to)—+00 (@2 0)r z! /0 e wH+r \w+r () (58)




10

2. Forward generator of the conditioned dynamics

For the conditioned dynamics, the forward generator of Eq. 46 reads using the joint generator of Eq. 53 for

(z, A) # (¢, A)

Forwler, ArsT] (4. _ : 1
w, TETATE () Ay A 7PT’t(IT’AT‘I’A)w(I’A’z/’A/)PT,t(xT,AT|x’,A’)

PT,t(-TTyAT|1‘7A/+1) PT,t($T,AT‘I/+1,A/)
PT,t(:ETaATLr/uA/) PT,t(wTvATkC/vAI)

— 6$’06A’A/+1TfOT‘w[iET,AT?T](:L,/7A/) +5m,m/+15A,A’wforw[zT’AT:’T](xlaA/) (59)

= 0z,004,47 417 + 0z 04104, AW

So the conditioned dynamics corresponds to a Sisyphus Markov jump process, where the initial reset rate r and the
initial forward jump rate w have been replaced by reset rates and forward jump rates that depend on the time ¢ and
on the configuration (z’, A”)

PT,t(S(}T,AT‘Q?,A/ + 1)
Pr(zr, Ap|a’, A’)
pForwler AziT) (2, A) Pr(xr, Ap|e’ +1, A")

— 60
¢ v Pri(zr, Apla’, A’) (60)

Forwl|zr,Ar;T / /
T oz, Az ](:E,A)

where on can plug the explicit form of the joint propagator given in Eq. 55.

The ’canonical conditioning’ (see the reminder in the two Appendices) of the Sisyphus Markov jump process has
been studied in [7] for the more general case where the reset rates of the initial model are space-dependent r, (instead
of being given by the constant value r) and where the time-additive observable involve two arbitrary functions a(x)
and B(z,z").

V. APPLICATION TO DIFFUSION PROCESSES IN DIMENSION d

In this section, we consider the diffusion process #(t), where the d components z;(t) for ¢ = 1,..,d follow the
Langevin stochastic differential equations involving the functions (f;[Z], ¢;[Z]) and d independent Brownian motions
Bi(t)

dai(t) = filZ(1)] dt + g:[Z(t)] dBi(t) (61)

in the Stratonovich interpretation. Equivalently, the dynamics can be defined via the Fokker-Planck equation for the
probability P,(Z) to be at position & at time ¢

d
O P,(T) = Z s, { — E[Z]P,(Z) + D;[Z]0,, P,(Z) (62)

with the following components for the force and for the diffusion coeflicient

9i[7]0z,9i 7]

Dile) =% (63)

The time-additive observable A(t) of the trajectory Z(t; < s < t3) of Eq. 1 can be parametrized by the function
a[Z] and by the field 5[Z] in the Stratonovich interpretation

Alta) — A(tr) = Ala(t < 5 < )] = / " [l ()ds + Ala(s)] ax(9)] (64)

t1
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A. Dynamics of the joint propagator P;.,(Z, A|Zo, Ao)

Since the increment between ¢t and (¢4 dt) of the time-additive observable A(t) of Eq. 64 can be rewritten in terms
of the d Langevin increments dz;(t) of Eq. 61

dA(t) = A(t+dt) — A(t) = )]dt + Z BilZ(t)].da; (¢

d
5]+ Y AlEOIALE dt+2m (D)dB(D) (65)

one can consider that A(t) is a supplementary (d + 1) coordinate for the Langevin system in the Stratonovich
interpretation of Eq. 61, that involves the d previous Brownian motions B;(t). As a consequence, one can write
the Fokker-Planck equations generalizing Eq. 62 as follows :

(i) the forward generator

d d

F=—alf]da =Y (s, + Bil&)04) Fi[#] + Y (Do, + Bil#104) Dil] (0s, + Bil)0a) (66)

i=1 i=1

governs the forward Fokker-Planck equation of the joint propagator P; o (%, A|Zo, Ao) with respect to the final variables
(Z, A) at time ¢

0Py o(Z, AlZo, Ao) = FP,o(Z, AlZo, Ao)

d
= —a[T]0aPro (T, AlTo, A) = > (Ou, + Bil )[Fi[:z’]Pt7o(a‘c‘,A|a‘:‘0,Ao)]
=1

d
+Z (O, + Bi[#]04a) [Di [%] (Oz, + BiZ]04) Pro(Z, A|§7’0,A0)} (67)

(ii) the backward generator corresponding to the adjoint differential operator of Eq. 66

d d

Fl=a[#]0a + Y F[7] (0a, + Bi[#)04) + Y (O, + Bi#]04) Di[F] (Dx, + Bi[F]0) (68)

i=1 i=1

governs the backward Fokker-Planck equation for the joint propagator Pr,(Zr, Ap|¥, A) with respect to the initial
variables (Z, A) at time ¢

—OyPr4(Zr, A7|Z, A) = F' Pry(Zr, Ar|i, A)

d
= a[#]04Pr4(Z1, Ar|#, A) + Y F[7] (0, + Bil#104) Pra(ir, Ar|Z, A)
=1

d
+ 3 (@, + 5i104) | DIE 0r, + A1) Pr(ir. Az, ) (69

B. Markov dynamics for the conditional probability "Ptc‘md(:f, A) with time-dependent additional forces

Let us now focus on the dynamics for the conditional probability of Eq. 4

Pr(Zr, Ar|Z, A)P, o(Z, A|Zo, Ao)
Pro(Zr, Ar|Zo, Ao)

PLm(E A) = (70)

Its dynamics with respect to the time ¢ involves the forward dynamics with generator F of Eq. 67 for the propagator
Pio(%, A|Zo, Ag) and the backward dynamics with generator F' of Eq. 69 for the propagator Pr (77, Ar|%, A). So
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the time-derivative of the conditional probability of Eq. 70 reads

Po(2, Alo, Ao) Pr(#r, Ar|Z, A)
Pro(Zr, Ar|Zo, Ao)  Pro(Zr, Ar|To, Ao)
Pr(Zr, Ar|Z, A)
Pro(Z7, Ar|Zo, Ao)

P T, A) = [0:Pr(Zr, Ar|Z, A))

[0: Py o(Z, AlZo, Ao)]

Poo(# AlBo, A0) (s o g in
T TP if F1Pr(Z7, Ar|T, A)| +
Pr.o(Zr, Ar|Zo, Ao) [F1Pry (&1, A7|Z, A)]

[FPio(Z, AlZo, Ag)] (T1)

(i) Forward perspective : Eq. 70 allows to plug the propagator

Pro(Zr, Ar|%o, Ao)

Prol# Alffo, Ao) = PE(E A) =5 e E E

(72)

into Eq. 71 to obtain

Cond (=
0P (7 A) = — Piem(#, A) [F1 Pr (&7, A7|%, A)] + Pr(ir, Ar|Z, A) | F
S, Pr((Fr, Agl7, A) 1P AT o

Cond (7 A
Pt_‘ ('T7 _’) :| (73)
Pr(Zr,Ar|Z, A)

or more explicitly using the forms of Eqs 66 and 68 for the differential generator F and its adjoint FT

d
atrPtCond(f’ A) [ ]a PCond Z 811 +Bz ]8.4) |:( z[x} +FiForw[fT7AT;T] [f7A7t])fPtCond(i:7 A):|
1=1
d
+ 3 (O, + Bi[7)0a) [Dil @) (D5, + Bi[F]04) P (E, A)] (74)
=1

where the only differences with respect to the forward joint Fokker-Planck dynamics of Eq. 67 are the additional
time-dependent forces

plrorwlEr Al A4] = 2D,[7] (0, + Bi[F)04) In Pry(Fr, Ap|Z, A) (75)

7

that involve the propagator Pr¢(Zr, Ar|Z, A) up to the imposed final values (Z7, Ar) at time T'. Eq. 75 is the analog
of Eqgs 18 and 46.
(ii) Backward perspective : Eq. 70 allows to plug the propagator

Pro(Zr, Ar|Zo, Ao)

- - _ pCond/=
PT,t(xT7 AT|.Z‘, A) = Pt (LL', A) Ptvo(f, A‘fo, Ao) (76)
into Eq. 71 to obtain
fPCond(x A) fPCond(f A)
—0,PC"Y(Z, A) = Pyo(Z, AlZo, A [ﬁ : }— A F Py o(F, Aliy, A 77
tIt ( ) t70( | 0 0) Pto(l‘, A|$0,A0) Pt70(1‘, A|56'0,A0) [ t70( | 0 0)] ( )
or more explicitly using the forms of Eqs 66 and 68 for the differential generator F and its adjoint F*
d £o,A
_at'PtCond(f’ A) [ ]aAPCond( A) + Z (aml +ﬁz[f](9,4) |:(Fz[f] + FiBackw[mo, 0,0][ DrpCond( A)
i=1
d
3 0+ 612100) D112 01, + 5 1290) P2, ) (78)
i=1
where the time-dependent forces
FPockwlFo. Aoz A 4] = —2D,[#] (8, + Bi[£]04) In Pyo(Z, A|Zo, Ag) (79)

involve the propagator P, (%, A|Z, Ao) up to the imposed initial values (%, Ag) at time ¢ = 0 Eq. 79 is the analog
of Eqs 23 and 49.
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(iii) The compatibility between the two dynamical equations of Eqs 74 and 77 can be checked via their sum that
can be evaluated using the explicit expressions of Eqs 75 and 79 for the additional forces

(Os, + Bil&)0a) | (FPocR 0 A00l g Asg) — RForelmr ATl g o)) PEOm (2, A) + 2D5 (7] (9s, + BilF]0a) PL (T, A)

Mm

,
0 =

1

<
Il

[
M=

Cond
(B, + BilF104) 2DH{FPE (2, ﬂwﬁ+@u ) In P (@A) }

Pr+(Zr, Ar|Z, A) P o(Z, A|Zo, Ao)

1

.
Il

I
M=

— s pCond (= ped 1 —
1 (0z; + Bi[Z]0a) 2D;[Z] Py (-T7A)|:(8xi + Bi[£]04) In PT,o(fT,AT\fo,Ao)] =0 (80)

where we have used Eq. 70 to obtain the propagator Pro(Z7, Ar|Zo, Ao) that does not depend upon (&, A).
(iv) The half-difference between the two dynamical equations of Eqs 74 and 77 leads to the new dynamical equation
involving only drift contributions

d
8xPClond( A) [ }a zPCond Z 8% +Bz ) [(Fz[f} _’_Fi[fT,AT?T])[fO,AO;O] [f7 A; t])rPCond( A) (81)
=1

where the time-dependent additional forces

Forw|[Zr ,Ar;T] |- Backw|[To,A0;0] =
F‘[fT7AT;T]7[§3’U7AU;O] [:E' A‘t] . FZ, w(Zr,Ar; ][%A;ﬂ + Fz‘ [Z0,A0;0] [x,A;t]
b bl 2

Pr(Zr, Ar|Z, A)
P, o(z, A|Zo, Ap)

= D;[Z] (Op, + B:[%]04) In

involves both propagators P o(Z, A|Zo, Ao) and Pr (21, Ar|Z, A).

C. Stratonovich stochastic differential equations for the conditioned process (Z*(t), A*(t))

The forward Fokker-Planck dynamics of Eq. 74 can be translated into the following Stratonovich stochastic differ-
ential equations for the joint conditioned process (#*(t), A*(¢)). The d components x}(t) for i = 1,..,d of Z*(t) satisfy
the Stratonovich stochastic differential equations in terms of d independent Brownian motions B;(t)

da; (t) = (il (0] + BT ATz @), A(0):0)) de + g3 (1) dBi(t) (83)

where the only differences with respect to the unconditioned case of Eq. 61 are the additional time-dependent forces
Forw|[Zr,Ar;T| | -« * . .
F; [2*, A*;t] given in Eq. 75.

K3
Since the increment between ¢ and (¢ + dt) of the time-additive observable A*(t) can be rewritten in terms of Z*(t)

and of the d Langevin increments dz} (t) of Eq. 83, the Stratonovich stochastic differential equation for A*(¢) reads

dA*(t) = A*(t + dt) — A*(t) = a[F* ahs+2ﬁz ()

+Zm & @) (£lz" @] + BT AT (1), 4 )dHZBv F(OIB(t)  (34)

The Stratonovich Stochastic Differential Equations of Eqs 83 and 84 can be then used to generate stochastic trajectories
of the conditioned process (Z*(t), A*(t)).

D. Simple example : Brownian B(t) as time-additive observable of the diffusion process z(t)
1. Brownian motion B(t) conditioned on the value of the diffusion process x(t)

Let us consider the one-dimensional diffusion process of Eq. 61

da(t) = fla(t)] di + glz(t)] dB(?) (85)
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associated to the Fokker-Planck Eq. 62
Ot P (x) = 0y | — Flz]Pi(x) + D[x]0, P:(x) (86)

with the the force and the diffusion coefficient of Eq. 63

(87)

1
AB(t) = = it e (D) (88)

i.e. the two functions o and 3 are present in the parametrization of Eq. 64

_ _[le]
ofal = glz]

Bla] = — (89)
The joint propagator P, ., (z, B|zo, By) satisfies the forward dynamics of Eq. 67
OiPiio (@, Blzo, Bo) = 8, |~ Flz] Py, (. Bluo, Bo) + D[e]0s Pysy (2, Blao, Bo) + \/2D[]ds Prsy (@, Blwo, Bo)|
%a?gpt,tg(x, Blzg, Bo) (90)

Since in the microcanonical conditioning framework one considers the joint process (x(t), B(t)), one can rephrase the
‘conditioning of the diffusion process x(t) on its time-additive observable B(t)’ described above as the 'conditioning
of Brownian motion B(t) on the diffusion process z(t)’. This rephrasing is interesting because the diffusion process
x(t) generated via Eq. 85 is not a time-additive observable of the Brownian motion B(t).

When the joint propagator P; ., (z, B|zo, Bo) of Eq. 90 is explicit, one can compute the additional time-dependent
force of Eq. 75

prorelerBrillly, Bit) = 2D[a] (9 + Blz]dp) In Pr¢(vr, Brlz, B) (91)

that appear in the Stratonovich stochastic differential equations for the conditioned process (z*(t), B*(t)) as follows.
The Stratonovich stochastic differential equation of Eq 83 for z*(¢) involves a Wiener process W (t)

da’ (t) = (flo* ()] + Froreler PoTa ), B(1):)) di + gla (1)) W () (92)

while the Stratonovich stochastic differential equation of Eq. 84 for B*(t) reads using Eqs 88 and 89

[l )+ da (1)
glz* (@]
B FForw[i‘T,BT;T] [1,* (t), B* (t); t]
gl (®)]

The dynamics of Eq. 92 can also be rewritten in terms of the increment dB*(t) of Eq. 93 as

dB* (t)

dt + dW (t) (93)

da*(t) = fla* (O)]dt + gl ()]dB* (¢) (94)
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2. Explicit solution when x(t) is the Ornstein- Uhlenbeck process

In order to have a simple Gaussian solution for the joint propagator, let us now consider the case of the Ornstein-
Uhlenbeck process for z(t) corresponding to the constant diffusion coefficient and the linear restoring force

so that the corresponding stochastic differential equation reads
dz(t) = —z(t)dt + V2D dB(t) (96)

both in the Stratonovich and in the Ito interpretations, since the diffusion constant is space-independent.
The forward Fokker-planck Eq. 90 for the joint propagator P, (z, Blzo, Bo)

4Py 4y (v, Blwo, By) = O [P (%, Blzo, Bo)] + DO2P, 4, (z, Blzo, Bo) + V2DOp0, Py 1, (z, Blzo, Bo)
1
+§a?gpt’to (z, Blxo, Bo) (97)

can be translated via the double Fourier transform

“+oo ) “+o0 )
P4, (q, k|zo, By) = / dre'd® / dBe*B P, ;. (x, Blxo, Bo) (98)

into the dynamical equation

. . k27 .
0i Py 1, (q, klzo, Bo) = —q04 Py 4,(q, klzo, Bo) — [qu +V2Dgk + > Py +,(q, k|zo, Bo) (99)
and the initial conditions at t = tg
Pi—i, 1, (¢, k|zo, Bo) = / dxe“’x/ dBe™*B§(x — 1)8(B — By) = e'4%0¢i*Bo (100)
The solution
pt’to (¢, k|zo, Bo) = e*QQ%[178_2“_"0)]714:2%7kq\/ﬁ[l76_(t_t0)]+iqwoe_(f‘_t0)+ikBo (101)

corresponds via the double-inverse Fourier transform of Eq. 98 to the bivariate Gaussian distribution

R ) todk e
qd _iqx —1
Py, (2, Blo, By) = / 99 ia / Ik kB P, (g, kv, Bo)

Ceo 2m 2

e—wge—(t—t0) \ ? — 2 z—zge~ (t=t0) —
_ 1 6_2[17c21(t,t0)] [( S’(t,to) ° > +(f(i=ﬁ)0) _QC(t’tO)< g“’to) - )(f(t’i’o))} (102)
27T(T(t, to)’l](t, to) 1-— 62(t,t0)

— 0o

with the two variances
o?(t,tg) =D [1 — e*Z(HfJ)}
v¥(t,to) = (t—to) (103)

and the rescaled correlation

- 2 [1 — e—(t—tO)]
C(t7t0) - \/(t _ tO) [1 + e—(t—to)] (104)

The conditioned forward dynamics is then governed by the Fokker-Planck Eq. 74
OPC U, B) = =0, [(—w+ F P , B]) Py, (2, Blwo, Bo)|

1
+D83Pt’t0 (.’E, B|{E0, Bo) —+ V 2D838mPt7t0 (SL’, .B|£C07 Bo) + ia%Pt’to (LU, B|(E0, Bo) (105)
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where the only difference with respect to the forward Fokker-Planck dynamics of Eq. 97 is the additional time-
dependent force of Eq. 75

1,
V2D ©

Using the explicit form of Eq. 102 for the propagator, one obtains

ploreler.BriTl, ‘Bl =9p (al. + ) In P4 (2, Br|z, B) (106)

In Pr (27, Brlz, B) = —In (2m(T, (T, £)/1 — (T, t))
2

—(T-t) _ B - Br\? —(T-t) _ B-B
xre xrT + T - 2C(T’ t) xre xrrT T
o(T,t) (T, t) o(T,t) o(T, t)
with the corresponding partial derivatives with respect to x

e (T—1) [ (ze (T — g B —Br\]
Oz In PT’,g(,TT7 BT|1'7 B) = o’(T7 t)[l — 62(T7 t)] __ ( U(T’ t) T) + C(T, t) ( U(T, t)T>_ (108)

1
oM — (T, 1)]

(107)

and with respect to B

1 [ B — Br zeT=) — 22\
oot Brie D) = ey |- (o )+ 00 (" 0)] 0

As a consequence, the additional time-dependent force of Eq. 106 is linear with respect to x and with respect to B

FtForw[:L’T,BT§T] [.TJ’ B] = [\/@&c In PT,t(xTv BT|.'177 B) + 85 In PT,t(:I:T7 BT|$7 B):|
B V2D oTyt) v 2De~ T | (e~ (Tt _ g1
T [ A(T,1)] |u(T,t) o(T,t) o (T, 1)
V2D 2D¢(T, t)e” =0 1 B - Br (110)
[1—cX(T,1)] o(T,t) o(T,t) | \ o(T,¢t)

while the time-dependence is governed by the functions introduced in Eqgs 103 and 104

o(T,t) = \/D [1 — e—Q(T—t)]
U(T7 t) = \/ﬁ
B 2 [1 — e—(T—t)]
oT,t) = \/(T — 1) [1 T e—(T—t)] (111)

FtForw[xT,BT;T] [l‘, B}

The explicit time-dependent force of Eq. 110 can be then plugged into the stochastic differential

equation of Eq. 93 involving a Wiener process W (t)

[2*(t)dt + da*(t)]  FForwl@n.BriTl[g«(¢), B*(t);1]
V2D a V2D

while the stochastic differential equation for x*(¢) can be written either as Eq. 92

dB*(t) = dt + dW (t) (112)

dz*(t) = (—x*(t) + Frorwl@r BrsTl = () B*(t); t]) dt + V2D dW (t) (113)
or as Eq. 94
dz*(t) = —ax*(t)dt + V2DdB*(t) (114)

in order to generate stochastic trajectories of the conditioned process (z*(t), B*(t)).
As a final remark, let us stress that other explicit examples of microcanonical conditioning for the Brownian motion
or the Ornstein-Uhlenbeck process on various time-additive observables can be found in [75, 76, 80].
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VI. CONCLUSION

In this paper, the recent studies concerning the conditioning of one-dimensional diffusion processes or discrete-time
random walks on global dynamical constraints over a finite time-window 7' [75, 76, 80] have been generalized to analyze
the 'microcanonical conditioning’ of Markov processes on time-additive observables. We have described the application
to various types of Markov processes, namely discrete-time Markov chains, continuous-time Markov jump processes
and diffusion processes in arbitrary dimension. In each setting, we have considered the most general time-additive
observable that can involve both the time spent in each configuration and the elementary increments of the Markov
process. We have illustrated the various cases via simple explicit examples. In the two Appendices, we describe the
link with the ’canonical conditioning’ based on the generating function of the time-additive observable, that has been
much studied recently in the field of non-equilibrium steady states [16, 31-74] as recalled in the Introduction.

We hope that the present general formulation of the 'microcanonical conditioning’ of Markov processes on time-
additive observables will be helpful to identity new soluble cases besides the various explicit solutions given in the
recent works [75, 76, 80].

Appendix A: Links with the canonical conditioning on a time-additive observable for finite time 7T’

As recalled in more details in the Introduction, the ’canonical conditioning’ of Markov processes has been much
studied recently in the field of non-equilibrium steady states [16, 31-74]. In this Appendix, it is thus interesting to
describe the links with the microcanonical conditioning considered in the main text.

1. Generating function Zt[{gt]o (z]xo) of the total increment A(t) — A(to) = Alz(to < s < t)]
Here the basic object is the generating function Zt[i]ﬂ (z|zg) of the total increment A(t) — A(to) = Alz(to < s < t)]
over the Markov trajectories x(ty < s < t) starting at x(to) = z¢ and ending at z(t) =z

k T s
Zt[,tlo (I|x0) = <5m(t)7w ekA[ (toss<t)] 5m(to),wo> (Al)

For fixed k, the generating function cht]o (z|xo) satisfies
(i) some forward k-dependent dynamics with respect to the final state x at time ¢, that can be obtained from the
forward dynamics of the joint propagator P, ;, (z, A|zo, Ag) of Eq. 2 via

k
2}4)(alao) = Y e Prgy (, Aleo, Ag = 0) (A2)
A
(i) some backward k-dependent dynamics with respect to the initial state zo at time ¢g, that can be obtained from
the backward dynamics of the joint propagator P, (z, A|xo, Ag) of Eq. 2 via

Z} (wlwo) = 3" eTF40 P, 4 (2, A = 0|20, Ao) (A3)
Ao

Here it is important to stress that these two dynamics are not probability-conserving Markov dynamics, since
Zgﬂt]o (z|xo) is a generating function and not a probability.
a.  Dynamics of the generating function Z,[f“t]o (z|zo) for discrete-time Markov chains of section III
The joint generator Wz, A;2’, A’) of Eq. 11 is in correspondence with the k-tilted matrix

W[k;] (CC,CE/) _ Zw(x’A;x/7A/)ek(A—A') _ W(x;x/)ekﬂ(l,x/) (A4)
A

(i) The forward dynamics of Eq. 13 for the joint propagator P, ;, (z, A|zo, Ag) translates into the following forward

dynamics for the generating function Zt[fct]o (x]zo) via Eq. A2

Z8, o leo) = Y W 52z, (a2 (A5)
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(ii) The backward dynamics of Eq. 14 for the joint propagator P, (x, A|xo, Ag) translates into the following
backward dynamics for the generating function via Eq. A3

2 (@lwo) = Zoy (a2l W () o) (A6)

’
To

b.  Dynamics of the generating function Z,E o (x|zo) for continuous-time Markov jump processes of section IV

The jump-drift dynamics of Egs 36 and 38 is in correspondence with the k-tilted matrix

wkl(z;2) = ka(z) — Z w(z';z)

x'#x
wtl(z;2) = w(w; 2 )P @) for x #a' (A7)
(i) The forward dynamics of Eq. 39 for the joint propagator P, ;, (z, Ao, Ag) translates into the following forward
dynamics for the generating function Zt[kt]0 (x|zo) via Eq. A2

O 2ty (wlo) = Zw z32') 2, (@' o) (A8)

(ii) The backward dynamics of Eq. 40 for the joint propagator P, (x, A|zo, Ao) translates into the following
backward dynamics for the generating function via Eq. A3

— 04y 21 (w]ao) = Zzt D (@l )w™ (x); zo) (A9)

c.  Dynamics of the generating function Zt[fct]o (Z|&o) for diffusion processes of section V

(i) The forward generator of Eq. 66 corresponds to the k-tilted differential operator

d
Fi = ka[i] - Z(a — kBi[7 +Z (0 — kBi[]) D[] (0, — kBi[7]) (A10)

The forward dynamics of Eq. 67 for the joint propagator P, (Z, A|Zo, Ao) translates for the generating function via
Eq. A2 into the forward dynamics

ARG szzi’“&vr)

= kalZ]Z Eilj 0; — kBilT [,[ ]Zt[ilmfo)}
+ g (0~ e | Dyt 01— wasla) (2t )| (A11)

(ii) The backward dynamics of Eq. 69 for the joint propagator Pr (Zr, Ar|Z, A) can be translated for the generating
function via Eq. A3 into the backward dynamics

d
~0 2 (Fr|T) = kalR) ZE,(Tr|7) + 3 FilF) (05 + kBilF]) 21 (7))
1=1

d
+ 3 0+ KAE) [ Dla] 0+ KAal) 21l

i=1
= FlZ/3(&70) (A12)
involving the adjoint operator of Eq. A10
d d
Fl = kald] + Z Fi[7] (9; + kBi[7]) + Z (0; + kBs[Z]) Di[2] (9; + kpi[2]) (A13)

=1 i=1
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2. Conditional probability Pcond k]( ) if starting at z¢ at time ¢t = 0 and ending at xr at time t =T

Even if it is not a conserved probability, the generating function Zgi ]O(J:T|x0) satisfies nevertheless some analog of
the Chapman-Kolmogorov Eq. 3 as a consequence of the additivity property of Eq. 1

Alz(0<s<T)]=A[z(0 < s <t)|+ Alz(t < s <T)] (A14)
that can be plugged into the definition of Eq. Al to obtain

Z[Tk,]o(xﬂxo) _ <5I(T)’$TekA[x(t§sST)] lz (;w(t)’x] R Alz(0<s<1)] 8.(0) o)

= Z ZTf (wr|a) 2[5 (z]zo) (A15)

For each k, one can thus introduce the conditional probability P, to see the value x at the internal time

t €]0,T]

k k
2P (wrl2) 28 (2)20)

Cond[k
Py (@) = 7 (A16)
Zyo(zr|T0)
It is normalized as a consequence of Eq. A15
Sopr i z) =1 (A17)
and it satisfies the fixed boundary conditions at time ¢ = 0 and at time t =T
E k
poondsl gy _ Zrolerln) Zop(alro) _
- k — Ux,z
Ziy(@rleo)
ZM (ar|a x|z
Pgond[k](x) _ TT( T| ) TO( | 0) _ (SZ’IT (AIS)

2 (wrlzo)

3. Markov dynamics for the conditional probability P °"* ()

The Markov dynamics of the conditional probability Ptc ondk (x) can be derived from the Markov dynamics satisfied

by the two generating functions in the numerator of Eq. A16, namely :
(i) the forward dynamics of the generating function ngg(x|x0) with respect to its final variable z at time ¢

k]

11 € DacKkwar ynamics O € generating runction XT|T) W1 respect 1o 1ts mitial variable xr at time
if) the backward dynamics of th ting function 7.} ith t to its initial variable  at time ¢

Condlk

a. Forward dynamics of the conditional probability P, ( ) for discrete-time Markov chains of section III

For the case of discrete-time Markov chains of section III, the conditional probability of Eq. A16 satisfies the
forward dynamics

Cond[k orwlk;xr, Cond[k
P (x) ZWLQT%wﬂ[MU (A19)

where the effective probabilities
1

_ (A20)
zziﬂt(xT\xf)

Forwlk;xr,T k
Wt+1/2[ o ]( ja) = Z[T,L+1($T|33)W[k] (25 2")
involve the conjugation of the k-tilted matrix W*!(z;2") of Eq. A4 with the generating functions Zgi ]t 41 (wr|x) and

ng ]t (zr|x") up to the imposed final value zr at time T. Eq. A20 is the analog of Eq. 18 concerning the microcanonical
conditioning.
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Cond

b.  Forward dynamics of the conditional probability P, (k] () for continuous-time Markov jump processes of section IV

For the case of continuous-time Markov jump processes of section IV, the conditional probability of Eq. A16 satisfies
the forward dynamics

at,PtCond[k] (JJ) _ Z {wforw[k;xT,T] ((E; x/),PtCond[k] (x/) . wforw[k;xT,T] (l’/; x),PtCond[k] (x)i| (A21)
T’ #x

where the effective rates

thorw[k;wT,T] (x;xl) _ Zryi]t(xﬂx)wk] (z;2")

for = #a (A22)
2 (xrla)

involve the conjugation of the k-tilted matrix of Eq. A7 with the generating functions Z’g']?]t—&-l (zr|x) and Zgﬂt (zr|x") up
to the imposed final value zp at time T. Eq. A22 is the analog of Eq. 46 concerning the microcanonical conditioning.

Cond[k

c.  Forward dynamics of the conditional probability P, ](55’) for diffusion processes of section V

For the case of diffusion processes of section V, the conditional probability of Eq. A16 satisfies the forward dynamics

d d
P @) = =30, [(Fi @)+ B T ) pen <f>] + >0, [Dil0n PE M (@) (A28)
i=1

=1

where the additional time-dependent force

?

pForvsn Tz g — 9p.17] [kﬂi [#] + 0, In ng]t(fﬂf)} (A24)

is the analog of Eq. 75 concerning the microcanonical conditioning.
The forward Fokker-Planck dynamics of Eq. A23 can be translated into the following Stratonovich stochastic
differential equations for the d components x}(¢) for i = 1,..,d in terms of d independent Brownian motions B;(t)

7

da; (t) = (£l ()] + BT @] ) de 4 g3 (1) dBi(o) (A25)

where the only differences with respect to the unconditioned case of Eq. 61 are the additional time-dependent forces
Forwlk;@r,T] = . .
F; [¥;t] given in Eq. A24.

K3

Appendix B: Reminder on the conditioning for large 7" when there is a normalizable steady state P.(z)

In this Appendix, the Markov processes x(t) is assumed to converge towards some normalizable steady-state Ps;(z).
This steady state Ps;(z) can be interpreted as the positive eigenvector (z|ro) = ro(z) associated to the highest
eigenvalue of the Markov generator

Pt () = (z[ro) = ro(z) (B1)
while the corresponding positive left eigenvector is constant
(lolx) = lo(x) =1 (B2)

When the time interval (¢t — to) becomes large, the propagator P, (z,zo) is dominated by this highest eigenvalue
contribution

Py (w,20) = (z[ro)(lolwo) = 1o(2)lo(2) = Pst(x) (B3)

(t—to)—+o0

and describes the convergence towards the steady state Ps:(z) for any initial condition .
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1. Asymptotic analysis of the generating function Zt "t (2]To) for large time interval (t — to)

For k = 0, the generating function of Eq. Al coincides with the propagaor P, ;,(x,xo) discussed above

k=
7}, (alao) = Py, (x, 20) (B4)
As a consequence for k # 0, at least in some region around k = 0, one expects that for large time-interval (¢t — to),
the generating function will be similarly dominated by the contribution of the highest eigenvalue of the appropriate
k-deformed generator

20 (@lwg) =TGR gy ) (1 fzg) = eI E y (2) 1 () (B5)

(t*to)g)*FOO

with its positive right eigenvector ri(z) > 0 and its positive left eigenvector Ij(x) > 0 satisfying the normalization

= (ulri) = > (U|z) (@lre) Zrk (B6)

T

while [(t—t0)G (k)] represents the generating function of the cumulants of the time-additive observable A 4, i.e. G(k)
corresponds to the scaled cumulants generating function in the large deviations theory, as recalled in more details
below in subsection B 3.

Cond[k

2. Asymptotic analysis of the conditional probability P, ( ) at some interior time 0 < t K T

For large T, if one is interested at some interior time ¢ satisfying 0 < ¢t < T, one can plug the asymptotic behavior
of Eq. Bb) into the three generating functions of Eq. A16 to obtain the asymptotic behavior of the conditional
probability

pOond] () eTDCW)ry (@)l () e Fry ()1, (o)
¢ ~

0<t<T TG 1y (7)o (o) = () (x) (B7)

Since it is independent of the interior time ¢ as long as 0 < t < T, it is useful to introduce the notation

pr(x) = lp(z)rg () (BY)

for the stationary density of the conditional probability P, in the interior time region 0 < t < T'.

3. Physical meaning of the canonical k-conditioning in terms of the large deviations properties of A(t)

Since the time-additive observable A(t) of Eq. 1 is extensive with respect to the time-interval, it is useful to
introduce its rescaled intensive counterpart

A(t) — Alto) _ Ale(ty < 5 < 1)

_ =5= B9
t—to t—to (B9)

At,to

that will converge towards its steady value ayz that can be computed from the steady state Pg(z) and from the
corresponding steady flows

At to o Qst (B10)

(t—to)—)oo

The probability P, (a) to see the value a different from this steady value as; displays the large deviations form with
respect to the time interval (¢ — tg)

P 1,(a) ~ e (tt0)l(e) (B11)

(t—to)—+oo
where the positive rate function I(a) > 0 vanishes only for the steady value ag; of Eq. B10

I(ast) =0 (B12)
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The generating function of the additive observable A[z(tg < s < t) = A(t) — A(to) = (¢t — to)ars, can be evaluated
from Eq. B11 via the saddle-point method for large (t — ¢g)

(eFAlz(toSsst)y — (ek(t—to)atto) = /daek(t_tO)“Pt,to(a) /dae (t=to)[ka—1(a)] ~ e(mt)GR) (B13)

(t—to) ~)+oo (t—to)—+o0

So the scaled cumulants generating function G(k) that has been introduced in Eq. B5 is the Legendre transform of
the rate function I(a)

ka—1I(a) =G(k)

k—TI'(a) =0 (B14)
while the reciprocal Legendre transform reads

ka—G(k) =1I(a)

a—G'(k) =0 (B15)

As a consequence, the canonical k-conditioning discussed around Eq. B8 can be considered as asymptotically equiv-
alent to the microcanonical conditioning on the intensive additive variable at the corresponding Legendre value
a = G'(k) of Eq. B15.

4. Corresponding time-independent generators of the conditioned dynamics for 1 < ¢t KT

Cond[k

a. Forward dynamics of the conditional probability P, ( ) for discrete-time Markov chains of section II1

For the case of discrete-time Markov chains of section III, the asymptotic form of Eq. B5 for the generating function
yields that the effective probabilities of Eq. A20 become time-independent in the regime 1 < t < T

Forwlkszr,T|, . 1 ~ (T—t—1)G(k) K] (e oot 1
Wt+1/2 (x,:c) 1<<t_<<Te Tk(fET)lk(fE)W (z’z)e(T_t)G(k)Tk(Z‘T)lk(l’/)
1
~ ¢ B ()W (z; 2! B16
er® O 0ty (B16)

where e“(*) is the highest eigenvalue of the k-tilted matrix W¥l(z;2') of Eq. A4, while I;(.) is the corresponding
positive eigenvector

SO (a Z li(x ) (B17)

The corresponding positive right eigenvector ry(.)

e ®py (x Z W (2 2" )ry. () (B18)
appears in the conditioned steady state of Eq. B8 together with the left eigenvector Ix(.).

Condlk

b.  Forward dynamics of the conditional probability P, ( ) for continuous-time Markov jump processes of section IV

For the case of continuous-time Markov jump processes of section IV, the asymptotic form of Eq. B5 for the
generating function yields that the effective rates of Eq. A22 become time-independent in the regime 1 < t < T

Forwlk;xr,T), .. 1 ~ k) (. !
wy (z; ") 1<<t_<<le(:17)w (z;z )lk(x’)

where [ (.) is the positive eigenvector associated to the highest eigenvalue G(k) of the k-tilted matrix w*l(z; ") of
Eq. AT

for = # a2 (B19)

= Zlk(ax)w[k] (z;2") = lp (2w (2'; ) + Z L (2)w® (z; ) (B20)

r#x!
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Via the conservation of probability, the diagonal element can be computed in terms of the off-diagonal elements of
Eq. B19 using the eigenvalue Eq. B20

For'w[k: xp,T) Forwlk;zr,T]| 1
T =— w T T Ui ( a:;x
@) == ul 08, oy | 3 )|
= - [ - by )] s = ) - G (B21)
k

so that it involves the diagonal element w!*!(z’; 2’) and the eigenvalue G(k).
The positive right eigenvector 74(.) of the k-tilted matrix w*! (z; 2)

= Z wl¥ (@ 2" ) () (B22)
appears in the conditioned steady state of Eq. B8 together with the left eigenvector Ix(.).

Cond[k] ( )

c.  Forward dynamics of the conditional probability P, for diffusion processes of section V

For the case of diffusion processes of section V, the asymptotic form of Eq. B5 for the generating function yields
that the effective additional force of Eq. A24 becomes time-independent in the regime 1 <t < T

1ItT

prorelbFe Tz~ op,[7] (km[f] +d,, In [e<Tf>G<k>rk(fT)zk(f)}) = 2D,[7 <k,8,»[a?] + 0, In [lk(f)]) (B23)

where [j;(.) is the positive eigenvector associated to the highest eigenvalue G(k) of the adjoint differential operator ]-'II
of Eq. A13

G(k)l(F) = Flin(&)
d d

= kalZl (&) + Y Fl] (0; + kGilE]) (@) + ) (i + ki [2]) [Dil] (0 + kBilF]) 1n(@)] - (B24)

i=1 i=1
The corresponding positive eigenvector 7 (.) of the operator Fy, of Eq. A13

G(k)ri(Z) = Firre(T)
d

(0 — k(7)) [Fi[&]ra(D)] + Y (9 — kBi[]) [Ds[7] (0; — kB:[7]) rie(F)] (B25)

i=1 i=1

||
M&

appears in the conditioned steady state of Eq. B8 together with the left eigenvector I (.).
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