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Large Deviations for dynamical fluctuations of Open Markov processes,
with application to random cascades on trees

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

The large deviations at ’Level 2.5 in time’ for time-dependent ensemble-empirical-observables,
introduced by C. Maes, K. Netocny and B. Wynants [Markov Proc. Rel. Fields. 14, 445 (2008)] for
the case of N independent Markov jump processes, are extended to the case of open Markov processes
with reservoirs : explicit formulas are given for the joint probability of empirical occupation numbers
and empirical flows, both for discrete-time dynamics and for continuous-time jump dynamics, with
possibly time-dependent dynamical rules and/or time-dependent driving of the reservoirs. This
general formalism is then applied to random cascades on trees, where particles are injected at the
root via a ’source reservoir’, while the particles are removed at the leaves of the last generation of
the tree via ’sink reservoirs’.

I. INTRODUCTION

While the standard classification of Large Deviations (see the reviews [1, 2] and references therein) involves three
Levels, with Level 1 for empirical observables, Level 2 for the empirical measure, and Level 3 for the empirical process,
the new ’Level 2.5’ concerning the joint distribution of the time-empirical-densities and the time-empirical-flows over
some large time interval T has turned out to be the appropriate Level for Markov processes : the rate function for the
Large Deviations with respect to T can be then written as a very general explicit local-in-space functional for a single
Markov chain [2—4] (see the reminder in Appendix A 1), for a single Markov jump process [3, 5—11] (see the reminder
in Appendix A 2) and for a single diffusion process [8, 9, 12, 13]. In addition, this "Level 2.5’ formulation allows to
reconstruct any time-additive observable of the dynamical trajectory via its decomposition in terms of the empirical
densities and of the empirical flows. As a consequence, this 'Level 2.5’ framework gives an interesting alternative point
of view with respect to the studies focusing on the generating functions of time-additive observables via deformed
Markov operators that have attracted a lot of interest recently in various models [14-27].

In Ref. [7], another step further has been introduced that could be called Level 2.5 in time’ : this name will
become clear below with Eq. 5, where the rate function contains an integral over time of time-dependent-observables.
Instead of focusing on a single Markov process as above, one considers a large number N of independent Markov Jump
processes with trajectories () () with k = 1,2,.., N constructed from the same transition rates w(y, z) and from the
same initial condition Pj,;(x). The idea is to analyze the dynamical fluctuations of the ensemble-empirical-density at
configuration x at time ¢
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and of the ensemble-empirical-transition-rates k:(y,x) defined as the ratios between the empirical number of jumps
from x to y at time ¢ and the number of particles that are present at x at time ¢
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By consistency, these empirical observables should satisfy the empirical-master-equation

Bipr(x) =D (ke(w,y)pe(y) — ke(y, @) pi(x)) (3)
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The probability to observe the time-dependent ensemble-empirical-densities po<i<7(.) and the time-dependent
ensemble-empirical-transition-rates ko<¢<7(.,.) then follows the large deviation form with respect to N — 400
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with the explicit rate function (Eqgs 4.1, 4.2 and 4.3 of [7] written with our present notations)
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The first term is a boundary contribution coming from the initial condition, while the second term is an integral over
the time-interval T of a functional of the time-dependent-empirical-observables that is local both in space and time.
Moreover, the special case of stationary ensemble-empirical observables p;(z) = p(z) and k:(y, z) = k(y, x) [7] allows
to recover the standard "Level 2.5’ formula for time-empirical-observables recalled in Eq. A21, while the empirical
dynamics of Eq. 3 reduces to the standard stationarity constraint of Eq. A22.

The ’Level 2.5 in time’ result of Eq. 5 has been derived in [7] for N independent Markov Jump processes with
trajectories z(®) (t) by the method of change of measure on the trajectories. The goal of the present paper is to extend
this 'Level 2.5 in time’ approach to open Markov processes with reservoirs, where the total number N of Markov
processes is not fixed anymore, so that the ensemble-empirical-density at configuration z at time ¢ of Eq. 1 will be
replaced by the ensemble-empirical-occupation-numbers
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that should be large enough to consider the large deviations with respect to N;(x) for each = and t.

The paper is organized as follows. We first analyze the large deviations at 'Level 2.5 in time’ for general open Markov
processes involving reservoirs with possibly time-dependent dynamical rules, both for discrete time dynamics in section
IT and for continuous time dynamics in section III. We then describe the application of this general approach to the
specific case of random cascades on trees between a ’source reservoir’ at the root and ’sink reservoirs’ on the leaves of
the last generation, again both for discrete time dynamics in section IV and for continuous time dynamics in section
V. Our conclusions are summarized in VI. The Appendix A contains a brief reminder on the Large deviations ’at
Level 2.5’ for the time-empirical-observables of a single Markov chain and a single Markov jump process respectively,
in order to make comparisons with equations of the text.

II. DISCRETE TIME MARKOV PROCESSES WITH RESERVOIRS

At time t, the state of the system is defined by the empirical numbers N¢(z) of particles on each discrete position
x = 1,..,Q of the system, while the state of the reservoirs is defined by the numbers Nf*!(r) of particles on each
reservoir site r = 1,2,.., R. The reservoirs numbers Nf*!(r) are fixed by the external protocol and do not depend
on the system variables, for instance they can be fixed to be time-independent Nf**(r) = N(r) or to follow some
time-dependence.

A. Model and notations

At time ¢, the state of the system is defined by the empirical numbers N;(z) of particles on each discrete position
x = 1,..,Q of the system, while the state of the reservoirs is defined by the numbers Nf®t(r) of particles on each
reservoir site 7 = 1,2,.., R. The reservoirs numbers Nf*!(r) are fixed by the external protocol and do not depend
on the system variables, for instance they can be fixed to be time-independent Nf**(r) = N**(r) or to follow some
time-dependence.

The dynamics is defined as follows. All particles can move independently.

Between t and (t 4+ 1), a particle that was on site = of the system at time ¢ can :

(i) either move towards a position y = 1,2, .., of the system with probabilities Wy(y, x) (including y = z corre-
sponding to the case where the particle remains on site x with probability Wy (z, x)).

(ii) or move towards one of the reservoirs r = 1,2, .., R with probabilities W;(r, x)

These probabilities are normalized to unity for each = and for each ¢

Q R
1= Wil o)+ 3 Wir, ) (7)



Between ¢ and (¢ + 1), a particle on reservoir r at time ¢ can move towards one of the sites of the system y with
probabilities W;(y, r) or remain on the reservoir r with probability Wy (r, r) with the normalization of probabilities

Q
1= Z Wt(y7 T) + Wt(’r) T) (8)
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B. Large deviation analysis of the empirical transition probabilities out of a given site z at time ¢

The number N;(x) of particles on each position x at time ¢ is assumed to be large enough in order to consider large
deviation with respect to Ny(z).

1. Direct analysis in terms of the multinomial distribution of the outgoing flows

Among these Ni(z) independent particles on site x at time ¢, one considers the empirical numbers Q:(y,z) of
particles that jump towards y = 1,..,, and the numbers Q;(r,x) of particles that jump towards the reservoirs
r =1, .., R with the normalization

Q R
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Since the dynamics for each independent particle is drawn with the transition probabilities of Eq. 7, the joint
distribution of the flows Q;(y,z) and Q(r,z) is simply the multinomial distribution

PlQ¢(., )| Ni(z)] =
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Using the Stirling’s approximation for the factorials m! ~ v/27mm m™e~"™, one obtains that the probability of the
empirical transition probabilities

Ki(r,x) = Q&Ezg) (11)

normalized to
Q R
1= Ki(y, )+ Y Ki(r,o) (12)
y=1 r=1

follows the large deviation form with respect to N¢(x)
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where the rate function I[K;(.,z)] corresponds to the relative entropy of the empirical transition probabilities Ky (., z)
with respect to the true transition probabilities Wy(., z)
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This type of result based on the application of the Stirling’s approximation to the multinomial distribution of Eq. 10
goes back to Boltzmann [28] but is usually called Sanov Theorem in the large deviation language [1, 2, 28].



2. Alternative analysis in terms of the generating function of the outgoing flows

Equivalently, one can consider the generating function of the flows Q:(y,x) and Q:(r, ) out of x at time ¢

0 R
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whose explicit expression for N¢(z) independent particles is directly
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where
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is the Legendre transform of the rate function of Eq. 14 submitted to the normalization of Eq. 12
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as a consequence of the saddle-point evaluation for large Ny(z) of Eq. 15. The reciprocal Legendre transform
Q R
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allows to recover the result of Eq. 14 by this Legendre transform of Eq. 17.

3. Alternative analysis in terms of a change of measure

A third derivation of Eq. 14 consists in considering a change of measure : the empirical flows Q:(.,z) would be
typical if one replaces the true transition probabilities W;(., ) by the empirical transition probabilities K¢(.,x) of Eq.
11, so that the corresponding modified multinomial distribution of Eq. 10 becomes

P Qq(., )| Ny ()]
_ Ni(2)! - K (y, 2)] Q@) . (K (r, )] Q) § 20
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As a consequence, the large-deviation form can be also obtained directly from the ratio

PlQ:(., z)|Ny(z)] & M Qu(y,z) R M Qi (r,z)
o onueT il | o) I VA v I

y=1 r=1

Ny ($)72§,Z=1 Qz(y7$)+25=1 Q¢(r,x)

r=1

=e ONy (@), 5%, Quly )+ S, Qulra)  (21)

— Qt('vw)
>_ N¢(z) °

that corresponds to Eq. 13 and 14 when translated into the empirical transition probabilities Ky(., x



4. Discussion of the hypothesis of large Ni(x)

As stated after Eq. 6 in the Introduction, the main hypothesis is that Ni(z) should be large enough for all z and
all ¢ in order to be able to write the large deviation form with respect to N;(x) for the outgoing flows out of site x
at time ¢ (Eq. 13). It is interesting to compare how this hypothesis appears more precisely in the three arguments
above :

(i) in the first direct analysis, it appears via the Stirling’s approximation needed to go from the multinomial
distribution of Eq. 10 to the rate function of Eq. 14.

(i) in the second alternative analysis, the generating function of Eq. 16 is actually valid for any finite N;(x), so
that the condition of large N;¢(x) only appears when one wishes to perform the inverse Legendre transform via the
saddle-point approximation (Egs 18 and 19).

(iii) in the third alternative analysis, the hypothesis of large N;(x) is somewhat hidden in the fact that one should

Q:(.,x)
Ni(z)

if some empirical occupations N¢(z) can vanish), and one should be able to consider that the comparison with the
modified process of Eq. 20 via the ratio of Eq. 21 is enough to obtain the correct result in the exponential.

As a final remark, we should stress that in the present paper, in order to have a more straighforward physical
interpretation, we have chosen to interpret N;(x) as the empirical number of independent particles really present
at some position = at time ¢. But the ensemble-empirical-framework introduced in Ref. [7] is of course much more
general, since x can label more general configuration spaces, and the notion of ensemble can be interpreted in the
traditional sense of statistical physics as a very large number of virtual copies of the elementary dynamical system
one is interested in.

be able to define the empirical transition probabilities Ky(.,z) = (for instance they would loose their meaning

C. Large deviation analysis of the empirical transition probabilities out of a given reservoir r at time ¢

The same analysis for the empirical transition probabilities K;(x, ) out of the reservoir r yields the large deviation
form with respect to Nf**(r)

P[Kt(., 7‘)|Nt€xt(7‘)} -~ e—N:"”t(-Z)I[Kt(-J‘)](Sl © K () K () (22)
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where the rate function I[K;(.,r)] corresponds to the relative entropy of the empirical transition probabilities K¢ (., r)
with respect to the true transition probabilities Wy (., )

Q
IK:(.,r)] = ZKt(y,r) In (m) + K¢(r,r)In (m) (23)
= (Y, (T,

D. Analysis of the state of the system at time ¢+ 1

For the reservoirs, the new numbers Nf{{(r) are imposed by the external protocol.

In the system, the empirical number Nyy1(x) of particles on site  at time (¢ + 1) is completely determined by the
empirical flows Q:(x,.) of particles towards x between ¢t and t + 1

R

Q R Q
Nit1(x) = ZQt(ﬂ?, y) + Z Qi(z, 1) = ZKt(x,y)Nt(y) + ZKt(xvr)Ntezt(T) (24)
y=1 r=1

y=1 r=1
Note the difference with N;(x) of Eq. 9 involving the flows Q:(.,z) out of x.
E. Probability of an empirical history of the occupation numbers N;(.) and flows Q:(.,.)

Putting everything together, one obtains that once the empirical occupation numbers N¢(.) at time ¢ are known,
the joint probability of the empirical flows Q(.,.) between ¢ and (¢ + 1) and of the empirical occupation numbers



Nit1(.) at time (¢ + 1) reads
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where the second line corresponds to the statistics of the outgoing flows Q:(., ) = K;(.,z)N¢(x) out of the system sites
x (Egs 13 and 14), where the third line corresponds to the statistics of the outgoing flows Q;(.,r) = K(.,r) N (r)
out of the reservoirs r (Eqs 22 and 23), and where the fourth line corresponds to the empirical dynamics of Eq. 24.

From this elementary Markov propagator, one obtains via iteration the joint probability of the empirical flows
Qo<t<7-1(.,.) and of the empirical occupation numbers Nj<;<7(.) given the empirical occupation numbers Ny—o(.)
at time ¢t =0
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This result concerning the probability of an empirical history of the occupation numbers N;(.) and flows Q¢(.,.) is the
most general formula of the present paper, and the remainder of the paper will be devoted to the analysis of various
specific cases.

F. Application to time-independent dynamics during a large time interval T — +oco

When the dynamics corresponds to time-independent transition probabilities Wi(.,.) = W(.,,.) and time-
independent reservoirs occupation numbers Nf%4(r) = N¢*(r) , it is natural to consider the probability to observe
some stationary occupation numbers N¢(.) = N(.) and flows Q¢(.,.) = Q(.,.) during a large time interval T — +o0
(so that the initial condition is not important anymore). Eq. 26 then yields the following large deviation form with
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Within the present derivation, this result inherits from Eq. 26 the condition that the occupation numbers N (z) should
be large enough for all z, since this is the general hypothesis of the present paper, as stressed in section II B 4.

As already mentioned after Eq. 5, the case of stationary ensemble-empirical observables is related to the case of
time-empirical observables [7]. For our present case, this means that the formula for P*t@*°[N(.); Q(.,.)] also describes
the probability P*[N*(.); Q%*(.,.)] to observe the time-empirical observables

N'(z) = %ZNt(x)
T
Q"(.,.) = 7 Q") (28)
t=0

since the easiest way to realize these time-empirical values in the dynamical formula of Eq. 26 corresponds to the
dynamical histories that remain stationary (Ny(z) = N*(z); Q:(.,.) = Q'(.,.)) on the time-interval [0, 7] [7]

PUIN(); Q(., )] = PN (); Q'(.,.)] (29)

As a consequence, Eq. 27 can be considered as the generalization in the presence of reservoirs to the Level 2.5’
rate function of Eq. A8 with the constraint of Eq. A9 concerning time-empirical observables for a single stationary
Markov chain [2-4] (for more details see the reminder in Appendix A 1).

G. Application to periodic dynamics

Since there has been recent studies on the large deviation properties of periodically driven systems [29-32], it
is interesting to consider the case where the dynamical rules alternate periodically between transition probabilities
Wai(.,.) = We(.,.) and reservoirs occupation numbers N7 (r) = N&!(r) at even times (2t), and transition probabili-
ties Wayp1(.,.) = Wo(.,.) and reservoirs occupation numbers N, (r) = N&%(r) at odd times (2¢+1). It is then nat-
ural to consider the probability to observe some alternating occupation numbers Na.(.) = Ne(.) and Nog11(.) = Ny(.)
and alternating flows Qa:(.,.) = Q.(.,.) and Qa2:11(.,.) = Qo(.,.) during a large time interval T — +oo (so that the



initial condition is not important anymore) : Eq. 26 then yields the following large deviation form with respect to T
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This formula is somewhat lengthy but the various contributions have a very clear physical meaning : the second line
corresponds to the statistics of the outgoing flows Q.(.,z) from sites x of the system at even times, the third line
corresponds to the statistics of the outgoing flows Q,(.,x) from sites = of the system at odd times, the fourth line
corresponds to the statistics of the outgoing flows Q.(.,r) from reservoirs r at even times, the fifth line corresponds
to the statistics of the outgoing flows Q,(.,7) from reservoirs r at odd times, while the last line corresponds to the
dynamical constraints on the incoming flows towards sites x of the system at even and odd times respectively.

III. CONTINUOUS TIME MARKOV PROCESSES WITH RESERVOIRS
A. Models and notations

To see more clearly the similarities and differences with the previous section, it is more convenient here to consider
that the continuous-time jump Markov dynamics is obtained as the limit of the discrete-time Markov dynamics
described in ITA, where the time interval (¢,¢ + 1) is replaced by (¢,t + dt) with infinitesimal d¢. The transition
probabilities of Eq. 7 towards reservoirs r and towards other sites y # = of the system become of order (dt) with
corresponding transition rates we(r, z) and w;(y, x)

Wi(r, x) = w(r, x)dt
Wt(yax)gwt(yvx)dt (31)

while the conservation of probabilities of Eq. 7 imposes that the probability to remain on site x reads

Wiz, z) =~1-—dt Z w(y, x) + Zwt(r, x) (32)

y#T
Similarly, the transition probabilities of Eq. 8 out of the reservoir r are of the form

Wiz, r) ~wi(z,r)dt

Wi(r,r) =~1-—dt [Z we(y, 7‘)] (33)

Y



B. Large deviation for the empirical transition rates out of a given site = at time ¢

The empirical transition probabilities Ki(y # z,z) and K¢(r,x) of Eq. 11 normalized to Eq. 12 will be also
infinitesimal with transitions rates k;(y,x) and k¢(r, z)

)dt

Kt(ya Yy, x d
K; ~ ky(y, x)dt (34)

while the probability to remain on x reads

Ki(z,z) =~1-—dt Zkt(y,x)—FZkt(r,x) (35)

yF#T
Eq. 13 then gives the following contribution in terms of the transition rates k;(.,x) out of x
Pk (., )| Ne(2)] — e~ Wt (@) ke ()] (36)

where the rate function I[k:(., z)] obtained from Eq. 14

Ik(a)] = 3 [kt(y, )i (kt(y’f”) ) ~hlya) + wt(y,x)] + ZR: {kt(r, 2)In <kt(’"’ ?) > — ku(r, ) + wi(r,z) | (37)

ytz wt(yvx) r=1 wt(ra LIZ‘)

corresponds to Poisson processes.

C. Large deviation for the empirical transition rates out of a reservoir r at time ¢

Similarly, Eq. 22 gives the following contribution in terms of the transition rates k;(.,7) out of the reservoir r at
time ¢

Py [kt(.,T)|Nt€zt(’l")} N 6fdth“”’(:v)I[kt(.,r)] (38)

with the rate function I[k:(.,r)] obtained from Eq. 23

1)) =Y [my,r) In (’“(y”") ) — kg, 7) + iy, ) (39)

v wt(y7 ’I")

D. Constraint from the empirical dynamics

The empirical dynamics of Eq. 24 becomes the differential equation

dNt(x) : & ext
2 = D (e Nls) =K I + 3 (N )~ il )2 (10)

As a consequence, it is more convenient to replace the empirical transition rates k:(.,.) by the empirical flows per
unit time

qe(w,y) = ke(2,y)Ne(y)
qi(x,r) = ky(z, r)NF(r)
qi(r,x) = ki(r, ) Ne(zx) (41)

to rewrite the dynamics of Eq. 40 as

Q2 R
d]\zsx) = Z (qt(aj?y) - Qt(yvx)) + Z (qt(x,r) — qt(r7 ;(;)) (42)

YyF#x r=1
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E. Probability of an empirical history of the occupation numbers N:(.) and flows ¢ (., .)

Eq. 26 yields that the probability to observe the empirical occupation numbers No<;<7(.) and the empirical flows
qo<t<7(.,.) reads

[ (i) o ]

P[No<i<r(.)iqo<e<r(-,.)|No(.)] =e v=lvte
_/ dt;; [qt r,z)In (wt(j{fg)g( )> —qt(r,x)—kwt(r,x)Nt(x)}
- / dt;yzl[qt br 1n(wqj7f)y]’v’;%>—qt<y,r>+wt<y,r>N5“<r>](43)

provided the empirical dynamics of Eq. 42 is satisfied on the time interval ¢ € [0, T for all sites z of the system. This
is the generalization in the presence of reservoirs of Eqs 3 , 4 and 5 quoted in the Introduction.

F. Application to time-independent dynamics during a large time interval T' — 4oc0

When the dynamics corresponds to time-independent transition rates wy(.,.) = w(.,.) and time-independent reser-
voirs occupation numbers Nf¥t(r) = Nt(r), one obtains that the probability to observe some stationary occupation
numbers N¢(.) = N(.) and flows ¢(.,.) = ¢(.,.) during a large time interval T'— +oco follows the large deviation form
with respect to T’

[ q(y, >
235 fatr e (2D ) ) 4wl V)
statio . ~ r=1y#x - ’
PN (gl )] = e
2 [ q(r,x)
_ In (451 ) _
T3S ar (G ) —atna) + NG
e rz=1r=1"%
SN aly,r)
_T q 71"111( : >—q ,T) +w ,TNe“"tr]
. ;; I (y ) U)(y,’f’)Newt('l") (y ) (y ) t ( )
Q Q R
15> (atw.y) — atw.a) + 3 (ala,r) - q(r.2) (44)
=1 yF£x r=1
where the last line ensures that the empirical stationary dynamics %t(x) = 0 of Eq. 42 is satisfied for all sites x of

the system.
As already discussed in the discrete case in Eqs 28 and 29, this formula for P**@*°[N(.);q(.,.)] also describes the
probability P*[N*¢(.);¢"*(.,.)] to observe the time-empirical observables [7]

N'*(x /dtNt
qte(.7.)ET/O dtq:(.,.) (45)

since the easiest way to realize these time-empirical values in the dynamical formula of Eq. 43 corresponds to the
dynamical histories that remain stationary (N;(z) = N*(z); ¢ (.,.) = ¢**(.,.)) on the time-interval [0, T] [7]

the[Nte( ) e( )] fPstatw[Nte( ) e(.7 )] (46)

So the formula 44 can be considered as the generalization in the presence of reservoirs to the 'Level 2.5’ rate function
of Eq. A18 with the constraint of Eq. A19 concerning the time-empirical observables of a single stationary Markov
jump process [3, 5-11].
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IV. APPLICATION TO DISCRETE TIME MARKOVIAN CASCADES ON TREES

In the field of turbulence (see the book [33] and references therein), random cascade models have attracted a lot
of interest to describe how the energy injected at the largest scale flows towards smaller and smaller scales up to
the smallest scale where it is dissipated by the viscosity. The corresponding multifractal properties depend on the
choice of the statistics of the cascade generators W(.), and many different choices have actually been considered in
the literature, including log-normal [34], bimodal [35], log-stable [36, 37], log-Poisson [38-40], log-infinitely-divisible
[41]. Here we will thus consider that the cascade generators W(.) are given, and we will focus on the dynamical
fluctuations of the empirical dynamics.

Of course besides turbulence, many other applications involve flows on trees with injection at the root, so that we
will keep a general terminology.

A. Open Markov dynamics in discrete time on the tree

We consider a tree of branching b, starting at the root (0), with b sites (i1) with i; = 1,2, .., b at the first generation
m = 1, b? sites (i1,42) at the second generation m = 2, etc, up to b™ sites (iy, is,..,ipr) at the last generation m = M.

The open Markov dynamics on this tree is directed between the root (0) representing a ’source reservoir’, where
the occupation number N£**(0) is fixed by the external protocol, and the b sites (i1, 42, ..,i5s) of the last generation
m = M that represent 'sink reservoirs’ that absorb all arriving particles. The system corresponds to the sites belonging
to generations 1 < m < M — 1.

Between ¢ and (¢t + 1), a particle on the root reservoir (0) at time ¢ can move towards one of the b sites i; = 1,..,b
of the first generation m = 1 with probabilities Wy (z = i1, = 0) = W;(41) normalized to

b
1= 3 W) (47)

i1=1

Between t and (t+ 1), a particle on the system site (41, ..,4,,) of generation m at time ¢ can move towards one of the
b sites (i1, .., im, im+1) Of the next generation (m + 1) with probabilities Wi ((i1, %m, tm+1); (41, -im)) = Wi(i1, ..y tm+t1)
normalized to

b
L= )" Wilit,ooorimimt1) (48)

im1=1

B. Probability of an empirical history of the occupation numbers N,(.) and flows Q.(.)

The application of Eq. 26 to the open Markov dynamics described above yields that the joint probability of the
empirical occupation numbers N (i1, ..,4,,) for the generations belonging to the system 1 < m < M — 1 and of the
empirical flows Q¢((i1,%m, tm+1); (01, -tm)) = Qe (31, ., tmt1) for 0 < m < M — 1 reads

T—1 b Q ( )
-2 X e (e )
P[Ni<e<r(-); Qo<t<r—1()|No()] = e =0 0=t t 11 ONE=t(0), 0, _s Qu(in)

b b b Q (11 i 1)
. . t 90y b+
2 Z 2 Qt(“""“”“)ln(Wt(z'h..,z'mH)Nt(z'h..,z'm))
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C. Probability of an empirical history of the flows Q:(.) alone

The last line of Eq. 49 simply means that in this directed model, the occupation number Nyi1 (41, .., ) of a system
site of generation 1 < m < M — 1 coincides with the incoming flow Q;(i1, ..,%,,) from its ancestor. As a consequence,
these constraints can be used to eliminate the occupation numbers to obtain the probability of an empirical history
of the flows Q;(.) alone

b .
=YD Qi) <Wt(§§](\,%> 71
PlQo<i<r—1()[No())] =e =00t t E) ONE=(0),5°0, _, Qiin)

B o SR i T RN R Yo R

21, ..,10 No(iq,..,1
m=1i—1 =1 imi1=1 1 7m+1) 0( 1;:9tm

(&
M-1 b b

H - H 6N0(i1, Jm), D g 1 Qo(i1,-yimy1)

. . m+1
m=11i;=1 Im=1

T—-1M-1 b b b . .
S 3 Y @l (i)

- t\1y -5 tm+41 . s ‘ 3
s e e R e e Wity s tmt1) Qe—1(i1, -y im)
T—1M-1 b b

H " H 6Qt71(i17~~7im)ﬁzg7”+1:1 Qi(i1,-ytm+1) (50)
t=1 m=114=1 Im=1

D. Application to time-independent dynamics during a large time interval T' — +o0o
1. Large deviations for the flows

When the dynamics corresponds to time-independent transition probabilities W;(.) = W(.) and time-independent
reservoir occupation number at the root Nf**(0) = N¢**(0), Eq. 50 yields that the probability to observe some
stationary flows Q;(.) = Q(.,.) during a large time interval T' — +o0 follows the large deviation form with respect to
T

_T
zPstatio[Q(.)] ~ e

T—+oco

11:1

b b

M-1 b . .
- Do | X Q(il’"’im“)ln(W(il Q(%l’"’lmfl) . )

m=1i1=1 im=1 |ims1=1 > im41)Q(it, -, tm)

€
M-1

b
Onesro) 5ty @i 1] H I %0t imrst, s Qirsiss) (51)

m=11;=1 im=1

2. Generating function of the flows

Equivalently, if one consider the generating function of all the flows Q(.) of the tree

M b b
| | T3 D it im)Qin, im)
ZSt‘mO[I/(.)} EZPstatw[Q(.)] e m=lig=1 inp=1 (52)
Q)
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the explicit expression analog to Eq. 16 for the multinomial distribution at each node can be used iteratively to obtain
the final result

TNeant (0)

Zsly ] = | 32 Wi 37 Wi 3 Wi inr)e “””] (53)

Zl 1 -2:1 11\4 1

In particular, the joint distribution of the b outgoing flows Q(i1,..,iar) at the last generation m = M of the tree
has for generating function

b b
‘ ‘ TZ Z Zl7"a (le'aiM)
Zsmtw[l/(il, ,ZM)] = ZPStatw[Q(~)] e 1=1 =1
Q)
TN**(0)

b b b b
SO DD W)W (ivig) e W (i1 ing )W (in.ipg )€ 00 (54)

i1=1lia=1 im_1=lin=1

corresponding to a Bernoulli distribution with the 6™ parameters given by the strings of probabilities along each
branch

W(leM) = W(’Ll)W(leg)W(lej\/[_l)W(leM) (55)

As a consequence, the probability distribution of a single outgoing flow Q(iy = 1,72 = 1,..,ipy = 1) at the last
generation m = M of the tree has for generating function

Zstatzo Zpstatzo TUQ(il =1lio=1..,1p = 1)

— [1 WL T,..,1,1)(e” — 1)]TN””(0) — INTH(0) In[1+W(1,1,..,1,1) (e” —1)] (56)

?

will become the generating function of a Poisson variable in the limit of large M where W(1, 1, ..,1,1) is sufficiently
small to linearize the logarithm

Zstatio[l/] ~ 6TN"‘“(O)W(l,l,..,l,l)(e”fl) (57)

8. Large deviations for the empirical transition probabilities

As a final remark, let us mention that, if instead of the extensive flows Q(.), one wishes to consider the empirical
transition probabilities (Eq. 11)

. Qin)
K(Zl) = NTt(O)
K(ir, oy ims1) = ch’(li’l “_’.’:,:)1) (58)

Eq. 51 translates into the large deviation form

zpstatio[K(.)] ~ e

b b b .
STNH0) Y > Y | YD K (i) K (i i2) . K (i1, oy i) In (W)

Q1,0
m=1ii=1 im=1 |imii=1 1 fmt1)

M b
ITII- 114 0 K (i) (59)

m=1i;=1 Im=1
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E. Application to periodic dynamics

It is interesting to write Eq. 30 for the random cascade on the tree : one obtains that the probability distribution
of the empirical flows Q.(.) at even times and Q,(.) at odd times follows the large deviation form

periodic
POt (), Qul)], = (60)
- . i
T . Qe(ll)
— i) In [ 2/
7 |2 i (g
e Lii=1 46 ext b 1
Newt(0),327, 21 Qelin)
- _ _
T . Qo(ll)
_Z R In(——xo\1)
7 |2 @i (s ni
e Liy=1 4 0 peat b :
No (0),Zi1:1 Qo(ll)
M-1 b S . ) 1
T . . Q6(7’17“32m+1)
i (1, o0y tma1) ] - > - -
P22 3 Y Qi) (g S
m=14i1=1 im=1 [imy1=
€ - - 5@ (i1505%m), E‘m+l 1 Qe sim1)
M—1 b b [ b ) . i
T . . QO(217“77/TTL+1)
i oty ey tma1)] - . - -
2 m=1 112:1 i,,zzl m;—lQ (17 2B} I (Wo(lla--alm+1)Qe(le~-aZm)
¢ - 2 0Qu (it i) 0y Qolinimsn)

which is thus very similar to Eq. 51 with the additional decomposition into even and odd contributions.
Equivalently, the analog of the generating function of Eq. 52 of all the flows Q.(.) and Q,(.) of the tree

Zperiodic [Ve(-); Vo(~)] =

M b b
3 Z Z Z (Ve (i1, oy im) Qe (i1 vy im) F Voli1, ooy tm ) Qo (i1, -y im))
Z pperwdw[Qe(')’Qo(.)] e m=lij=1 ip=1 (61)
Qe(.),Q0(.)
can be written in the following form generalizing Eq. 53, assuming that M is even for definiteness

ZperiOdic[Ve(.), Vo(-)] _

© b 7 ENETH0)

Z We(i1)e"e (i1) Z W, (ivis)e eVolitiz) Z W, (i “.Z'M_l)el/e(iL..iMfl) Z Wo(il...iM)ey"(il"'iM)

_i1:1 22 1 ZM71:1 i]\4:1 ]

[ b b b 7 ENTO)

D Wolin)e ™)y " We(ivig)e ) N " Wi (iy.ing—1)er =10 N " W (iy.ipg) e () (62)
|i1=1 iz=1 in—1=1 =1 |

V. APPLICATION TO CONTINUOUS TIME MARKOVIAN CASCADES ON TREES

As a comparison to the discrete-time cascade model analyzed in the previous section, it is now interesting to consider
the analogous continuous-time cascade model.

A. Open Markov dynamics in continuous time on the tree

We consider the same tree structure as in IV A, but the directed dynamics from the root towards the leaves is now
defined in continuous time with transition rates w¢((i1, .., &m), (41, -y tm—1)) = we (41, .., i) Per unit time as in section
II1.
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B. Probability of an empirical history of the occupation numbers N:(.) and flows ¢(.,.)

The application of Eq. 43 to the directed dynamics on the tree yields that the probability to observe the empirical
occupation numbers No<i<7(.) and the empirical flows go<;<7(.,.) reads

T .
_ dtz g:(i1) In Lﬂn — qilin) + wq (i1 )NE=H(0)
PNocrer(Jsdozrer () No()] = ¢ I = { (i) |
b

T M b . .
. . Qt(zlw-;lm) . . . . . .
| at i) 1 — qi(in, o) A Wi i1y oes i) Ny (31, oy i
e /0 Z Z Z |:qt(217 ! ) n(wt(ila'-aim)l't(ila---aim1)) qt(ILl ' )+wf(7/1 Z ) f(Zl Z 1):l

m=2i1=1  i,p=1 (6

provided the empirical dynamics of Eq. 42 is satisfied on the time interval ¢ € [0, T for all sites (i1, .., i, ) of generations
1 <m < M —1 of the system

. . b
dNy(iy,..,1 ) . . .
% = Qt(zh ) Z'm) - Z qt(zla --7'Lm+1) (64)

im41=1

C. Application to time-independent dynamics during a large time interval T — +oo
1. Large deviations for occupations and flows

When the dynamics corresponds to time-independent transition rates wy(.) = w(.) and time-independent reservoir
occupation number at the root Nf**(0) = N¢**(0), Eq. 63 and 64 yield that the probability to observe some stationary
occupation numbers N¢(.) = N(.) and flows per unit time ¢:(.) = ¢(.,.) during a large time interval T — +oo follows
the large deviation form with respect to T

Ty [ i (kg ) — o000 + ul)No)]

PN ()sq(s )] =e
Ti Zb: zb: (i a(in, -, im) — ity ey im) + WAL ey i )N (i1 ey 1)
6_ o = 1"'7 U/(ll,,lm)N(ll,7Zm 1) q\t1, -, tm 1;-5tm 1y tm—1
M-1 b
H H H 5 q Zla"vim)_ Z q(i17‘~7im+1) (65)
m=1 ’Ll 1 Z,,L—l ir,,L+1:1

If instead of the extensive flows per unit time ¢(.) one wishes to consider the empirical transition rates

) i
k(in) = qu(ztl()o)
kit orimi1) = qlelzlj)) (66)
Eq. 65 translates into the large deviation form
b .
JN@“(O) > {k(il) In (Z((Z;))) — k(i) + w(il)}
PN b )] = i 1

Ji zb: Zb: N (i1, ooy ig—1) [k(zl,.., m) In (M) — ki1, o tm) + w(in, -y im)

W(t1, ey )

b b
H H 1) k(il,..Jm)N(il,.. Zm 1 Z kill,. Zm+1) (21,..., ) (67)

m=11i;=1 im=1 imt1=1

but since the empirical dynamics constraints of the last line involve both N(.) and k(.), it is more convenient to work
with Eq. 65 where the empirical dynamics constraints of the last line involve only the flows.
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2. Large deviations for the flows alone

To obtain the large deviation properties of the flows per unit time ¢(.) alone, one needs to optimize Eq. 65 over
the occupation numbers N(.) : plugging the optimal values

b . .
ijzl Q(Zh LR ]m)
b . .
ijzl w(llv ,]m)

NPy, i) = (68)

into Eq. 65 yields that the probability to observe the stationary flows per unit time ¢(.) reads

rpstatio [Q( .

M b b . , b . . b . .
. . q(lla"vlm)z‘ = w(lla'ﬂjm) . . . . Z = q(“w-a]m)
-T Z Z Z lq(zl7 woyim) In ( Jm=1 — @01y ey i) F WA, ey ) 1

. . b . . b . .
w(llv ) ZM) ijzl q(llv 7]m) ijzl w(llv 7.]WL)

=
I
9]

e
M—-1 b b b

I I 6 | ativmin) = > alin, i) (69)
m=1i1=1 ip=1 imp1=1

8. Large deviations for the occupations alone

To obtain the large deviation properties of the occupation numbers N(.) alone, one needs to optimize Eq. 65 over
the flows ¢(.) : the iterative optimization starting from the last generation yields that the probability to observe the
stationary occupations numbers N(.) takes the following form

b b
Z 2 A = MY )

PHAOIN() =e  Lm=l =1 (70)

in terms of the typical flows associated to the occupation numbers N(.)
)\i17~~~7i7n = N(ih T im_l)w(il, .oy Zm) (71)
and of the numbers ¢(i;) that should be computed by the following recurrence starting at the last generation m = M

Civ,ooving Z/\il,...,iM

- 1
2
117 SiM—1 E 6117 UM
L ZM 1

U1t M —2 E Ciy,ooying—1

irv—1=1

Ciy,oying—1

Il
>

ll,lz (E CZ1712,13>
i3=1

r b M-17 ™
Ci1 = )‘i1 (Z Ci17i2> (72)

=1

Note that the typical occupation numbers

NP (iy, ..., i) = N°"(0) i in 73
ng Wiy 5o ng Wiy 5o ij-%-l wih___’jm_*_l




Eq. 71 satisfy the sum rules

typ typ
ZAllx Sim 11, im—1 (74)

im

so that the corresponding numbers ¢'¥P (i, ..,4,,) of the recurrence of Eq. 72 then coincide with the AP (i1, .., %,,).
For non-typical occupation numbers N(.) # N*%P(.), the rate function of Eq. 70 is not completely explicit in terms of
the N(.) since one should first solve the recurrence of Eq 72 on the tree.

D. Special case b =1 for the one-dimensional random directed model between a source and a sink

For the special case of branching ratio b = 1, the tree reduces to the one-dimensional lattice of (M —1) sites labelled
by the generation m = 1,2,.., M — 1 [instead of the previous tree notation (i; = 1,is = 1,..,4,, = 1)] characterized
by occupation numbers N(m) and incoming flow g(m,m — 1) between the ’source reservoir’ at m = 0 and the ’sink
reservoir’ at m = M. The constraints of the empirical dynamics written on the last line of Eq. 65 impose that all
these flow takes the same value j

i=q(1,0)=¢q(2,1)=..=qM,M —-1) = (75)

So Eq. 65 yields that the probability to observe some stationary occupation numbers N(.) and the current j follows
the large deviation form with respect to T'

prtatioN(.); j] = - [‘j " (w(10>]Nt(0)> - +w(1’0)Nm(0)]

s Z [J i (i)~ vl L) (76)

that can be compared with the rate function of Eq (36) in Ref. [42] concerning the rate function of the same directed
one-dimensional model defined on a ring geometry that conserves the number of particles, with the correspondence
w(m+1,m) = % with the random trapping times 7, used in Ref. [42] .

The optimization of Eq. 76 with respect to the occupation numbers N(.) yields

NP (m) = w(m i 1,m) (77)

so that the probability of the current j alone is reduced to the first term involving the source

st 67T {j In (M) — j+w(1,0) Nezt(o)} -

and is thus completely different from the corresponding result for the ring geometry [42] where the conservation of
the total number of particles requires the introduction of a Lagrange multiplier in the optimization.
The optimization of Eq. 76 with respect to the current j yields

M-—1 ﬁ
jort = <w(1,o>Nm(0) 11 w(m+Lm)N(m>> (79)

m=1

so that the probability of the occupation numbers N (.)

1

M-1 M-1 ™M
T |w(1, 00N (0) + > w(m+ 1,m)N(m) — M ( (1L, NH0) ] wim+1,m N(m))
PStatio[N(.)] —¢ m= m=1 (80)

is very similar to the result found for ring geometry [42].

More details on the large deviation properties of the random trap model on the ring can be found in Refs [42, 43]
(see also [11] where it is called the 'random watch’ model), since here our purpose was only to stress the differences
induced by the presence of reservoirs.



18
VI. CONCLUSION

In this paper, we have extended the large deviations at 'Level 2.5 in time’ for time-dependent ensemble-empirical-
observables, introduced in Ref [7] for the case of a fixed number N of independent Markov jump processes, to the
case of open Markov processes with reservoirs : we have derived explicit formulas for the joint probability of empirical
occupation numbers and empirical flows, both for discrete-time dynamics and for continuous-time jump dynamics,
with possibly time-dependent dynamical rules and/or time-dependent driving of the reservoirs. We have then applied
this general formalism to random cascades on trees, where particles are injected at the root via a ’source reservoir’,
while the particles are removed at the leaves of the last generation of the tree via ’sink reservoirs’, again both for
discrete-time dynamics and for continuous-time jump dynamics. Finally, we have also mentioned the results for the
one-dimensional trap model between a source and a sink, in order to compare with the large deviations obtained for
the same model defined on a ring geometry where the total number of particles is conserved [42]. In the future, it
would be thus interesting to apply this general formalism to other interesting open Markov processes.

As a final remark, let us mention that the present approach has been generalized further to the presence of inter-
actions in the recent preprint [44].

Appendix A: Reminder on the ’Level 2.5’ for the time-empirical-observables of a single Markov process

In this Appendix, we briefly recall the Large deviations ’at Level 2.5’ for the time-empirical-observables of a single
Markov chain and a single Markov jump process respectively, in order to make comparisons with equations of the
text.

1. Case of a single Markov Chain [2—4]

The probability P;(x) to be in configuration x at time ¢ evolves according to the discrete-time Markov Chain

Pt+1 ZW.TyPt ) (Al)

where the transition probabilities W (z,y) > 0 from y to z satisfy the normalization for each y
D W(wy) =1 (A2)

If one starts at time ¢ = 0 with some initial distribution state P;—(z¢), the probability of the whole trajectory
(x()v L1y X2y ey xT)

T
Zln Wz, xi—1)
Plro<t<t] = W(xr, 27-1). .. W (22, 21)W (21, 20) Po (20) = €t=1 Py (o) (A3)
can be rewritten in terms of the time-empirical flows
T—
Qte Z/; E Z (t+1),y x(t (A4)
t=0

Ty Q" (w,y) mW(x,y)
Plro<i<r| =€ * Y Po(zo) (A5)

From Q!(y, ) introduced in Eq. A4, the time-empirical density p'®(z) can be reconstructed via the sum over the
final point y

;

P = 7Y e = 3. Q" (wa) (46)

Y

~+
Il
o
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or via the sum over the initial point x, up to boundary terms that become negligible in the limit of large time T — +o0

T—

6$ - 59:
3 Q¥ (y,x Z (11 = p1(y) + RO (AT)

T t=0

Here the 'Level 2.5" statement [2-4] is that the probability to observe the time-empirical flows Q*(.,.) follows the
Large Deviation Form with respect to the large time 7" — +o00

te Q ( ZL’)
7TZZQ (y,2)In - .
PrQ ()] o ¢ (W(y )pte ()> (A8)

T—+oo

where Q' (x,y) satisfies the stationarity constraint in relation with the time-empirical density p'¢(x)

> Q" () =) Q" (y,x) = p'(x) (A9)

Y Y

Eq. A8 can be translated for the empirical transition probabilities

Q*(y, )

Kte ,7) = Alo
(y,x) pte(x) ( |
into
Kte
1) ) K (y2)p(0)In (m(y;)
PT[Kte(-,-)] xX e r oy v, (All)
T—+o0
where Eq. A9 yields the constraints
Z Kte(y7 .'L') =1
y
DK (xy)py) =" () (A12)

2.  Case of a single Markov Jump process [3, 5-11]

The probability P;(x) to be in configuration x at time ¢ evolves according to the continuous-time Master Equation

O Pi(x) =Y w(z,y)Pi(y) = > w(y, x)Pi(x) (A13)

yF#w yF#w

The probability of the whole trajectory (x:)o<i<r

> lnw(x(t+)7m(t_))—/0 dt " w(y, z(t))

P ([x(t)]o<i<r) = et (t™)F(tT) y# Po(0) (A14)

can be rewritten in terms of the time-empirical density

1 /7
pte(gj) = T/ dt&x(t)ym (A15)
0
and of the time-empirical jump density
1
¢"“(y,x) = T > e ylae (A16)

tx(t)Zz(tt)
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as

TY Y [d (o) nw(y, z) — wly, 2)p" ()]
P(zMloi<r) =e  * ¥7* Po(o) (A17)

Here the "Level 2.5 statement [3, 5-11] is that the probability to observe the time-empirical density p'(.) and the
time-empirical jump density ¢*¢(.,.) follows the Large Deviation form with respect to the large time 7' — +o0

TE:E:Fw@wﬂn&ngﬁzw)—f%%x%HM%@ﬁ%®

Prip(.)ia(. )], o e 7 v (A18)

where ¢'°(y, z) should satisfy the stationarity constraint
> dy) =) ¢ (x,y) (A19)
YF#T yF#

In terms of the time-empirical transition rates

te
Ke(y,z) = LW 2) A20
(o) = L (420)
Eq. A18 can be translated into
te kte (y7 LL') te te

Prlp(.)ik( )] o e * v (A21)

where the stationarity constraint of Eq. A19 becomes

D ke (y,z)pt(z) =Y k()0 (y) (A22)

yF#w yF#T
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