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Anomalous dynamical large deviations of local empirical densities and activities
in the pure and in the random kinetically-constrained East Model

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

The East model is the simplest one-dimensional kinetically-constrained model of N spins with a
trivial equilibrium that displays anomalously large spatio-temporal fluctuations, with characteristic
”space-time bubbles” in trajectory space, and with a discontinuity at the origin for the first derivative
of the scaled cumulant generating function of the total activity. These striking dynamical properties
are revisited via the large deviations at various levels for the relevant local empirical densities
and activities that only involve two consecutive spins. This framework allows to characterize their
anomalous rate functions and to analyze the consequences for all the time-additive observables
that can be reconstructed from them, both for the pure and for the random East model. These
singularities in dynamical large deviations properties disappear when the hard-constraint of the East
model is replaced by the soft constraint.

I. INTRODUCTION

Kinetically-Constrained-Models have attracted a lot of interest in the field of glassy dynamics (see the reviews [1-5]
and references therein). Despite their trivial equilibrium properties, they can display very slow cooperative relaxation
and anomalously large spatio-temporal fluctuations, with characteristic ”space-time bubbles” in trajectory space. In
order to understand these striking properties, the large deviations of the total activity have been much studied in
various models [5-17] and have pointed towards the general scenario of a discontinuity in the first derivative of the
scaled cumulant generating function at the origin.

Indeed, the formalism of large deviations has become the unifying language to characterize Markov processes. While
the initial classification involved only three nested levels (see the reviews [18-20] and references therein), with Level 1
for empirical observables, Level 2 for the empirical density, and Level 3 for the empirical process, the introduction of
the Level 2.5 has been a major progress in order to characterize the joint distribution of the empirical density and of
the empirical flows. Its essential advantage is that the rate functions at Level 2.5 can be written explicitly for general
Markov processes, including discrete-time Markov chains [20-25], continuous-time Markov jump processes [21, 24-44]
and Diffusion processes [24, 25, 29, 30, 33, 43, 45-47]. As a consequence, the explicit Level 2.5 can be considered
as the central starting point from which many other large deviations properties can be derived via the appropriate
contraction. In particular, the Level 2 for the empirical density alone can be obtained via the optimization of the Level
2.5 over the empirical flows, so that the Level 2 will be closed only if this contraction can be performed explicitly. More
generally, the Level 2.5 can be contracted to obtain the large deviations properties of any time-additive observable of
the dynamical trajectory involving both the configuration and the flows. The link with the studies of the generating
function of time-additive observables via deformed Markov operators [6-8, 33, 47-81] can be then understood via the
corresponding conditioned process obtained from the generalization of Doob’s h-transform.

However for many-body models of N spins, these large deviations properties are formulated in the configuration
space of size 2"V and the consequences for real-space properties can be difficult to extract. When the dynamical rules
are local in space, one would like to analyze the dynamics via O(N) local empirical observables instead. A famous
example of this type of space-local analysis for many-body dynamics is the Macroscopic Fluctuation Theory (see the
review [82] and references therein) where interacting driven diffusive systems are renormalized in the hydrodynamic
limit into an action for dynamical trajectories based on an elementary space-time local Lagrangian containing only the
empirical local density and the local empirical current. Similarly, for interacting random walkers in the continuous-time
discrete-space framework, space-time local Lagrangian have been analyzed in Refs [35, 83, 84].

In the present paper, we take advantage of the detailed-balance property of the dynamics in order to write closed
large deviations for the relevant local empirical densities and the local empirical activities that only involve two
consecutive spins for the East model. This approach allows to characterize the anomalous large deviations of the pure
and the random East model via simple analytical results.

The paper is organized as follows. In section II, we recall the definitions of the pure and random East Model, with
the hard or the soft kinetic constraint. In Section III, the random East Model with the soft kinetic constraint ¢ > 0
is analyzed via the large deviations properties with respect to the time-window T of the O(N) relevant empirical
time-averaged densities and activities involving only two consecutive spins. In Section IV, the pure East Model with
the soft kinetic constraint € > 0 is studied via the large deviations properties with respect to the space-time volume
(T'N) of the O(1) relevant empirical time-space-averaged densities and activities involving only two consecutive spins.
We then discuss the anomalous large deviations properties that emerge in the hard-constraint limit € = 0, both for the



pure East model in section V and for random East Model in section VI. Our conclusions are summarized in section
VII. Five appendices include the following complementary material. Appendix A explains the general procedure to
obtain large deviations for the relevant empirical observables of Markov trajectories. Appendix B describes how the
detailed-balance condition allows to contract explicitly the Level 2.5 towards lower levels. Appendix C contains the
large deviations at various Levels in the space of the 2V configurations of the random soft East model. Finally,
we show how the Level 2.25 concerning the empirical density and the empirical activities in the space of the 2V
configurations of the soft East model can be contracted, either towards the Level 2.25 for the O(N) empirical local
densities and local activities for the random model (Appendix D), or towards the Level 2.25 for the O(1) empirical
time-space-averaged densities and activities for the pure model (Appendix E).

II. PURE AND RANDOM EAST MODEL, WITH HARD OR SOFT KINETIC CONSTRAINT
A. Detailed-Balance single-spin-flip Markov dynamics for spin chains

For a chain of N classical spins S; = £1 with periodic boundary conditions, the single-spin-flip Markov dynamics
can be formulated as follows. From the configuration C' = {51, .., S;, ., Sn }, the possible elementary moves are towards
the N configurations (¢7C) = {51, .., =S, ., Sy } obtained by the flip of a single spin S; towards (—.S;) and occur with
rates W (o¥C, C). The master equation for the probability P,(C) to be in configuration C = {51, ..,S;,., Sn} at time
t reads

=2

b (C Z W(C,o7C)Py(07C) — W(o7C,C)F(C)] (1)

i=1

The convergence towards the Boltzmann equilibrium II(C) in the potential U(C) at inverse temperature (3

e—BU(C)
ne) =, —
Z =Y etV (2)
c
can be ensured if the flip rates W(c¥C, C) satisfy the detailed-balance condition
= W(C,08C)e PUEIC) W (s2C, C)e AU (3)

B. Kinetically-constrained East Model satisfying detailed-balance

The East model is the simplest example of Kinetically-Constrained-Models and can be described as follows.

1. Trivial equilibrium distribution
The equilibrium distribution II(C) of Eq. 2 involves the trivial potential containing only fields h;
N
= " hiS;i (4)
i=1
and is thus factorized

(S, .., S HHS (5)

into the equilibrium distributions Hf’i of individual spins

stz = CiéSiHr + (1 - Ci)asm— (6)
parametrized by the N parameters
Bhi
Si=+ _ €
=1 = b 1 o—Phi €0, 1] (7)

for the random version of the model, or by the single parameter ¢; = ¢ for the pure version of the model.



2. The FEast Model, with its ’hard’ kinetic-constraint

In the East Model, the rate to flip the spin S; towards (—.S;) satisfies the detailed-balance condition with respect
to the equilibrium of Eq. 5

WEaSt(o-';'ﬂC’ C) = 651717-"- [(1 - ci)(ssiﬁ' + ci(SSi,—] (8)

but contains the kinetic constraint dg, , 1, so that the rate vanishes when the neighboring spin (5;_1) is in the —
state.

8. The ’soft’ version of the Fast Model parametrized by € > 0

For comparison, it will be useful to consider the ’soft’ version of the East model of parameter ¢ > 0 (see [11] and
references therein)

WEaStSOft(UZEC7 C) = [65’1‘717-"— + 655171,—} [(1 - Ci)asiﬂ- + Ciasi,—] (9)

where the 'hard constraint’ e = 0 of Eq. 8 has been replaced by the ’soft-constraint’ ¢ > 0.

C. Probability of a trajectory C(t) = {S1(t), .., Si(t),.,Sn(t)} during the large time-window 0 < ¢ < T

The probability of a trajectory [C(0 <t < T')] can be written for any continuous-time Markov chain as

> 1lfl(VV(C(t+),C(t)>)+/ AW (C(t), C(1))
PIC(0 <t < T)] = et€lOTICENFCW) 0 w0)

in terms of the jump rates W(C’,C') > 0 from configuration C to configuration C’ # C and in terms of the diagonal
element of the Markov Matrix W fixed by the conservation of probability to be

- > w0 (11)

Cc'#C
For the single-spin-flip dynamics of Eq. 1 where the flip rate
WHEM (070, C) = wi (Si-1) (12)

only involves the flipping spin S; and its left neighboring spin S;_; as in Eqgs 8 and 9, the probability of Eq. 10 for
the trajectory C(t) = {S1(¢), .., S:(t),., Sn(t)} during the large time-window 0 < ¢ < T becomes

N T
In (P[C(0 <t <T)] Z 3 In (wfi“)(si_l(t») -y / dt w1 (1)) (13)
=1 t€[0,7]:S: (t+)#S; (1) i=170

and can be rewritten in terms of empirical time-averaged densities and flows involving only two consecutive spins. In
the two following sections, we consider both the random East model where the flip rate wZS i(S;—1) depends on the
location i and the pure East model where the flip rate w? (S;_;) = w5 (S;_1) does not depend on the location i.

III. LARGE DEVIATIONS FOR THE RANDOM EAST MODEL WITH THE SOFT CONSTRAINT ¢ >0

In this section, the goal is to analyze the dynamical large deviations properties of the random East model with the
soft constraint of parameter € > 0 in the flip rates of Eq. 9

WeRandomEaSt(O;EC’ C) = [6517174' + 665%17—] [(1 - Ci)(ssir‘r + Ci(SSi,—} = wfl (Si—l) (14)



A. Identification of the relevant empirical observables

As recalled in Appendix A, the relevant empirical observables of a Markov process are the time-averages of time-
local operators computed over the trajectory C'(0 < ¢ < T) that are sufficient to evaluate the probability of this
dynamical trajectory C(0 < ¢ < T'). Here the trajectory probability of Eq. 13 can be rewritten as

N
WPCO<t<D=TY > [a5(Su)In (wf(S1)) - wi(SL)p?] (15)
i=1 Sp=+,S=+

where the empirical flow g7 (S1,) represents the density of flips of the spin S; from the value S to (—S) when the left
neighboring spin S;_; takes the value Sy,

Z 651—1(t)7SL 5Si(t+),—s5si(t),s (16)
t€[0,T]:S; (t)#S: ()

el

qz'S(SL) =

while the empirical density prl’ ~; represents the fraction of time where of two consecutive spins (Si—1,S;) located at

(i — 1,1) take the values (Sg,S)

1 T
f%ETAdmmmm%ws (17)

With respect to the general formalism of Appendix A, this means that the relevant empirical observables E for
the random East model are the empirical flows ¢:(.) of Eq. 16 and the empirical densities p:- of Eq. 17, while the
corresponding action introduced in Eq. Al reads

Dpuyla ( -3 |wf (0055 = af (1) (wi(51)) ] (18)

i=1 Sp=+,5=+

B. Rate function at Level 2.5 for the relevant empirical observables

As explained in Appendix A around Eq. A7, it is useful to introduce the modified Markov rates w; (Sr,) that would
make typical the relevant empirical observables [q:(.,.); p:]

S(S
05(8n) = q;)éL,g) (19)
i1,

in order to evaluate the action of Eq. 18 corresponding to this modified Markov generator w
N
Qe (5ol =0 D[S - af (S (05 (51))]

@¥(52) - ¢¥(Sp) (qi(f‘g))

Pi—1,

(20)

The rate function I3 5[q:(.); p::] can be then obtained from the difference of Eq. A13 between the actions of Eqs 18
and 20

Lislg()ip] = Pula ()i ] — Prala (5 -); 0]

N i) )

S s a7 (S1) s s s
=2 S | —s oS | (50 +ul (Sl (21)
i + i i—1,i

where one recognizes the relative entropy cost of having empirical flows ¢7(Sr) different from the typical flows
wS(Sp)pls ~ that would be produced by the empirical densities pirs

1—1,2°



For each site i = 1,.., N and each value S; = 4 of the left neighboring spin, it is useful to parametrize the two
empirical flows ¢;" (Sr) and ¢; (S1) concerning the flip of the spin S; when the left neighboring spin S;_; takes the
value Sp,

a;(Sr) + ji(St)
2
i (51) = HOL 25
by their symmetric and antisymmetric parts called the empirical activity and the empirical current
a;(St) = ¢; (Sr) +q; (S1)
J4i(St) = ¢ (St) — q; (S1) (23)
Via this change of variables, the rate function of Eq. 21 translates into

> [MSL) n ([m(sm +Gi(Se)Jwi (S m%,)

g7 (St

Isla(.);5.C)p] = :
sl 0l =2 2 [T e T e o

ai(S1) ( a3(Sp) — j2(SL)
+ In + Sr,+ SL,—
2 4’(1)1 (SL)pz i Nt (S )pl i ,

) ai(St) + wi (S)p i + IUi(SL)priz} (24)

C. Constitutive constraints for the relevant empirical observables

As recalled in Appendix A, the large deviations at Level 2.5 do not involve only the rate function I5 5, but they also
contain the constitutive constraints that the empirical observables should satisfy (see the constraints C'(E) for the
general formulation of Eq. A12 and the explicit constraints of Eq. A27 for the special case of Markov jump processes
in the full configuration space).

1. Closed constraints for the local empirical densities for one spin and for two consecutive spins

The empirical 2-spin density of Eq. 17 contains the information on the empirical 1-spin density pf that can be

Si— ’SI Si,S;
" or from p;

i—1,5 SiySit1
=1 [ atsns= ol = ey (29

Sit1

computed either from p; ']

and that should be normalized

pi o =1 (26)
In practice, it will be convenient to take into account these consistency constraints as follows :
(i) for each site i, one keeps the basic variable p; € [0, 1] and one eliminates p; via the normalization of Eq. 26

(ii) for each link (i — 1,7), one keeps the basic variable p; - 1 , and one eliminates the three other link variables via
the consistency constraints of Eq. 25

Pj:l,z‘ = Pz‘t1 - P:rju
Pl =P e
pi_—_l,i =1- pj_ 1 pz + p7, 1 ) (28)

In summary, the constitutive constraints satisfied by the empirical 1-spin density p: and by the empirical 2-spin

density p:- are closed and can be summarized as a way to compute all the values in terms of the (2IV ) basic variables

(pj',pj‘”i Z) discussed in (i) and (ii) above

Colprs po II - [1=p)

g (pi—l,i - [Pj—l - pjjiz]) g (Pi_—+1,i - [Pj - iju]) g (pz‘_—_l,i -[1- Pz 1 Pl + Pz 1 7,])] (29)



2. Closure problem in the stationary constraints for the local empirical currents

For Markov jump processes, the empirical flows in the full configuration space have to satisfy the stationary
constraints of Eq. A22, that can be rewritten as Eq. B3 in terms of the empirical currents only, while the empirical
activities disappear from these constraints.

In the present case however, it is not possible to write closed constraints for the local empirical currents j;(S,) of
Eq. 23 that would ensure the stationarity of the local 2-spin empirical density p:. More generally for many-body
models, the projection of the explicit stationarity constraints in the full configuration space towards local empirical
observables is not closed but gives rise to a whole hierarchy, as discussed recently on the example of disordered
exclusion processes between two reservoirs [44].

8. Conclusion : Closure problem in the Level 2.5 for the local empirical currents

In conclusion, despite the explicit rate function at Level 2.5 of Eq. 21, or equivalently Eq. 24, and despite the
explicit constitutive constraints of Eq. 29 for the local empirical densities, the Level 2.5 cannot be written in closed
form for the local empirical observables as a consequence of the closure problem in the stationary constraints for the
local empirical currents discussed above. However we have not yet used the detailed-balance property of the East
model as discussed below.

D. Explicit large deviations at Level 2.25 for the local empirical densities and the local empirical activities

As explained in Appendix B, the detailed-balance property of the rates induce special properties for the dynamical
large deviations of Markov jump processes. In particular for given empirical density and given empirical activity,
the rate function at Level 2.5 is minimized when all the empirical currents vanish (Eq. B18), while the stationary
constraints are trivially satisfied for vanishing currents.

For the present random soft East model that satisfies the detailed-balance property, the vanishing of all the empirical
currents j;(S1) of Eq. 23

3" (SL) =0 (30)
leads to the closed Level 2.25 for the local empirical densities and the local empirical activities

P[2.25}

o a(); 507 ~Thoasla. ()] (31)

~  Colp;p
= Celoipile
where the constitutive constraints Ca[p:; p::] concerning the local empirical densities have been written in Eq. 29,
while the rate function at Level 2.25 is obtained from the rate function at Level 2.5 when all the empirical currents
vanish j7P(Sp) =0

Losla.()ip] = Iasla.(); 5 () = 0;pr7] (32)
N
ai(Sr) a?(SL) ¥ St , Sy -
- In e — | —ai(St) +w; (Sp)p k1 +wy (Sp)pitis
;S;: [ 2 <4wi+<sL>pf_Li;wi (L)t : .

An alternative derivation of this rate function I325[a.(.); p::] at Level 2.25 for the local activities a;(+) and the
local densities pi’fi is given in Appendix D via the explicit contraction from the Level 2.25 in the space of the 2V
configurations.

For the random East model with the soft constraint of parameter € in the flip rates of Eq. 14, the rate function at
Level 2.25 of Eq. 32 reads more explicitly

N
If;gdomEastSoft [a. ()7 p:] _ Z
1=1

ai(+) a; (+) ++ +—
In L —a;(+F)+ (1 =¢)p . +cipl .
2 <4Ci(1 — )Py )+ P Py

2

SR <4ezci<1 T )—ai<—>+6<1—cim_ﬁ,ﬁecmi_l,i} (33)

+ = p——
- Ci)Pi—Jrl,iPi—Li

-

[

1=



E. Explicit contraction over the local activities towards the Level 2 for the local empirical densities alone

The optimization of the rate function at Level 2.25 of Eq. 32 over the local empirical activities a;(Sr)

ol ") P
_ 2.25a.(-,.); 7] i . . (SLZ . (34)
0a;(Sr) 4wy (Sp)piH fwy (S
leads to the optimal values
0" (S1) = 2y/w) (S0)p i wr (Spelh (35)

that can be plugged into Eq. 32 to obtain the rate function at Level 2

Ilp;] = I2.25[a” Z > {\/w (St PfLiz—\/w (SL)pi” 11} (36)

i=1Sp=

that will govern the large deviations at Level 2 for the empirical densities alone

2 ]~ e TP ]
Prilpspn], = Calpsprle (37)
For the random East model with the soft constraint of parameter € in the flip rates of Eq. 14, the rate function at

Level 2 of Eq. 36 reads more explicitly

N 2
pRandomBastSofty ;.1 _ 3 <[\/(1 — o~ \Jent, } +e {\/(1 — )it - \/cipi__l’i] ) (38)

=1

F. Typical fluctuations of order % for the empirical densities and activities around their equilibrium values

The equilibrium 2-spin density of Eq. 5
TP = I = [eimads, o+ (1= cia)ds, -] [eids, o+ (1= ci)ds, -] (39)

and the corresponding equilibrium activities

Ai(+) =20 (DI, = 2w, (P = 2¢16(1 — )
Ai(=) = 2w (DI, = 2w (S, = 2e(1 — ¢i1)ei(l — ¢) (40)

are the only values of the local empirical densities and local empirical activities that satisfy the constraints Ca[p:; p:’]

and that make the rate function Irgr@omBastsofty (. p:] of Eq. 33 vanish. The Level 2.25 of Eq. 31 characterizes
how rare it is for large 7' to see empirical densities p: and activities a (.) that are different from their equilibrium

values I+ and A (.). If one is interested only in the small typical fluctuations of order \%T around these equilibrium
values
.51,
Sp.s  _ HSL, Pi—1,

Pi— 1,2 i— 11 \/T
a;(Sp) = A;(Sp)+




one just needs to expand the rate function [2grdemEastSerty, (. p:] of Eq. 33 at second order in the perturbations

to obtain the rescaled Gaussian rate function for the rescaled densities p:~ and the rescaled activities a (., .)

small|a Al _ . andomFEastSo . /A):
B ] = i (TR ()= a0+ 28— 24))
2
5 > (26 o (5)p8t] o+ [252 - wr (568
- i=1Sp= AZ(SL)

[as(50) — (wi (500055t (S0 )]+ [ (5095555 — wi (S8
24;(SL)

Il
.MZ

s
Il
—
&~
Il
H

—
Q>

N e 2 N ad 2
() = (L= +eipi 7))+ [0 = c)pi i — cini 4]
401'7102‘(1 — Ci)

I
.MZ

ﬁ
Il
-

e N2 o 42
Ci)piji,i + CiPFLi,)] +e [(1- Ci)piji,i - Cipifl,i]

al [d1(_) —€ ((1
+ : 42
i:zl 46(1 7Ci_1)6i(1 7Ci) ( )
that will govern the probability of the rescaled fluctuations [a (.); p:; o] of the empirical local observables
R _ 7smallys . Ay
Pj[?25][d(),/37ﬁ7] ~ Cemall[ﬁ ﬁ ] 12 25 [a()1p7] (43)

T T—+o00

together with the constraints inherited from Eq. 29

R N

Csm M pspr) =110 (07 +27) 6 (055, = 00 = AT 0 (07 = 16T = 6E80) 6 (pi5 s = 04 — iy = 1)) (44)
i=1

If one is interested into the rescaled fluctuations of the local empirical densities alone, the rescaled Gaussian rate
function reads

f;mall[[):::] = TBIEOO (Tlé%andomEastSoft[p:::’, _ H’ + P ]>

2
|: (SL>pri g T W (SL)pzSLi zi|

Z 2A;(SL)

N
; At— 12 5t == 17
Z ( 1 — G pz 1 K cipifl.,i] [(1 — Ci)piflai — Cipi*l’i] >

deim16i(1 — ¢) e 41 —ci—1)ei(l — ) )

Since the rescaled empirical densities [p:, o] belong to | — oo, +oc[, one can use the constraints of Eq. 44 to keep
only the (2N) rescaled empirical densities [pF, 67 *] and one obtains the rescaled rate function

. . 2 R R 12
jsmall[ﬁ-&- ﬁ++] _ g: [pj_-’_l i Cip;tl] +e [pj:q,z - cip;'tl - pj_] (46)
2 SRS =1 461_101(1 — Ci) 4(1 — ci_l)ci(l — Ci)
that will govern their joint Gaussian probability without any remaining constraint
N ) _jsmall At oA+t
P:[p] [Pt ptT] ~ e t2 pT. pTT] (47)

Pl S

The Gaussian integration over the rescaled 2-spin density ﬁf‘“ yields that the probability of the rescaled 1-spin density
At
pT alone

(5172

DN

S (48)




reduces to independent Gaussian distributions for the p;r with variances

(]. — 07;,1)

v = 261(1 — Ci) Ci—1+
€

(49)

that are finite for the soft version € > 0 of the East model, but that diverge for the true East model corresponding to
the hard-constraint ¢ = 0 that will be analyzed in section VI.

G. Time-additive observables that can be reconstructed from the local empirical densities and activities

The local empirical activity of Eq. 23 with Eq. 16
1
S
= > ¢(SL) = T > 08,_1(t),5¢L (50)
S—+ +€[0,T]:5, (£+) %5, (t)

represents the density of the total number of flips of the spin S; when the left neighboring spin S;_1 takes the value
Sr.
These local empirical activities and the local empirical densities pZSLl’SZ of Eq. 17 allow to reconstruct any time-

additive space-local observable O7 that can be parametrized by some functions o (Sy) and £;(Sr.)

Yy [z SRS + B(Sa(S:)

i=1 Sp=4 LS=+
Nl T 1

=[5 [ @t Osamer Y A 6
i=1 te[0,T):S; (t1)#£S;(t)

1. Averaged value and rescaled variance

The first cumulant G corresponding to the averaged value (Or) coincides with the equilibrium value O,, computed

from the equilibrium density 1725 of Eq. 39 and from the corresponding equilibrium activities A;(Sr) of Eq. 40

i—1,7

Gy = (Or) = eq_ZZ [Z (SEILES + Bi(S1) Ai(SL)

i=1 Sp=+ LS==+

(52)

The small typical fluctuations of order ﬁ around this equilibrium value can be rewritten in terms of the rescaled
fluctuations p and a.(.,.) of Eq. 41

1 .8 .
Or—(0r) == ;SFM# [HEALERE A CATIER] (53)

so that the rescaled variance

Gy =T((Or — (O7))? =<<Z > lz SL)peH [“"Bz(SL)az(SL)]> > (54)

i=1 Sp=4 LS=%

can be evaluated via the average over the probability P, P 25}[ (-);p:; p::] of the rescaled fluctuations of Eq. 43.

2. Large deviations governed by the rate function I(O) and the scaled cumulant generating function G(k)

The large deviations properties for large T
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are governed by the rate function I(O) that vanishes only for the equilibrium value O, of Eq. 52
I1(Oe) =0 (56)

The generating function

(ekTOT> E/dOekTOPT(O) ~ /dOeT[kO_I(O)] ~ TG (57)
T—+oo T— 400

involves the generating function G(k) of the whole series of the scaled cumulants G,, (beyond the two first scaled
cumulants G; and Go discussed in Eqgs 52 and 54 )

+oo n
Gk) =) G, ’i _le+Gg—+0(k3) (58)

n=1

The saddle-point evaluation in T of the integral of Eq. 57 yields that G(k) is the Legendre transform of the rate
function I(0)

KO —1(0) = G(k)
k—I'(0) =0 (59)

The generating function of Eq. 57 can be evaluated from the Level 2.25 of Eq. 31 via the integral over the empirical
activities a_(.) and the empirical densities [p:; p:]

kTZ > [Z >p?biv+ﬁz<sL>az<sL>]
G =/da.(-)/dp:/dp:::Pq{?'%][a.(-);p:;p:;;] e i=1Si=% l5=2

TLEY e ()ip:)]
T_H_oo/dp /dp Colpsp /da (60)

where the function

Lylsla.()ip7] = ~Loasla +k2 > [Z pf%ﬁm(&)al(&)]
i=1 Sp=4 LS=%
N
. ai(Sc) | a?(SL)
- ;SLZ::I: 2 1 (462]661 SL (SL)p;gLiz (SL);OZ 11)
N
+> 0> [ai(SL) (kai (SL) —w; (1)) Pty + (kaZ(SL)*wi_(SL))PZSLiJ (61)
=1 Sp,=+

involves the standard k-deformation rules for the Markov Matrix adapted to the time-additive observable of Eq. 51.
The optimization of Eq. 61 over the activities a;(Sr)

k
oLl la()sp] 1 a3 (St)
0 =——FF——7 """ =—-In T T (62)
9a;(51) 2 \ 40w (S,)pf ) (Sp)pih,
leads to the optimal values
a?pt(SL) = 2ek61(sL)\/w:r(SL PzSLi Jii+1 Wi (SL)pf—Li;,z-s-l (63)
that can be plugged into Eq. 61 to obtain the function of the empirical densities alone
k
W) =Y % [ 0 o (Se)pPiiur (Se)pt-
i=1Sr,=
S )3 (ko (S1) = wif (S1)) o741 + (Ko (S) = wy (1)) pi ] (64)

i=1Sp=
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that governs the generating function of Eq. 60
klr ...
(HTATy = / dp; / dp7; Calp:; pr )™ 1] (65)

For the random East model with the soft constraint of parameter € in the flip rates of Eq. 14, the function of Eq.
64 reads

LQRandomEastSoft[k] [p,]

©

N
= [28“5*“\/@(1 =)o+ (ko (+) = (1= ) o + (ko (+) = ) ph,z}

=1

~.

N
2 [%kﬁi“# el =)ot pimy + (b () = el =) pif s (hog () — ecs) ”7_“] o

=1

IV. LARGE DEVIATIONS FOR THE PURE EAST MODEL WITH THE SOFT CONSTRAINT ¢ >0

In this section, the goal is to analyze the dynamical large deviations properties of the pure East model with the
soft constraint of parameter € > 0 in the flip rates of Eq. 9

WPurebast (ot 0, C) = [0,y 4 + €05,_y,-] [(1 = €)ds, 4 + cs,,-] = w™ (Si-1) (67)

A. Identification of the relevant empirical time-space-averaged observables

For flip rates of the form w®:(S;_1), the trajectory probability of Eq. 13

N
In (P[C(0 < ¢ < T)] Z Z In (w0 (81 (1)) - Z/ LSO, 0) (68)
i=1t€[0,T]:S; (t+)#£S: (£) i=1"0
can be written as
mPCO<t<T)=TN > [¢°(Sp)In (w¥(SL)) — p*5w(SL)] (69)
Sp=%,5=4

in terms of the empirical time-space-averaged density of flips from S to (—S5) when the left neighboring spin is Sp,
*(51) = 57 Z Z 08, -1(#),5.98:(¢+),~508,(1),5 (70)
1=1 ¢€[0,T:5; (t1)#S:(t)

and in terms of the empirical time-space-averaged density of two consecutive spins (S, .S)

PS8 = L i/T dt 0s,_,(t),5,98:(1),8 i
NT & Jo 2ot

With respect to the general formalism of Appendix A, this means that the relevant empirical observables E for the
pure East model are the empirical flows ¢ (.) of Eq. 70 and the empirical density p of Eq. 71, while the corresponding
action introduced in Eq. Al reads

Oulg (e =N Y [p5w(SL) — ¢°(Sp) In (w¥(Sp))] (72)

Sp=+,5=+
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B. Rate function at Level 2.5 for the relevant empirical observables

As explained in Appendix A around Eq. A7, it is useful to introduce the modified Markov rates 1°(Sr,) that would
make typical the relevant empirical observables [¢ (., .); p’]

WS(Sy) =52 (73)

in order to evaluate the action of Eq. 72 corresponding to this modified Markov generator w

igle (Dipr] =N Y [p"%0%(SL) — ¢%(SL) In (05(SL))]
Sp=+,S=%+
_ S _ S n qS(SL)

The rate function Zy 5[q'(.); p-*] with respect to the space-time volume (T'N) can be then obtained from the difference
of Eq. A13 between the actions of Eqs 72 and 74

Toslg()ipr] = 2l 4 )ip] ]:7‘1’[@] lgC)ip]

S
> [QS(SL) In (Ivs‘(zsgggL,s) —q%(S1) + wS(Sp)p*? (75)
Sp=+£,S=+

where one recognizes the relative entropy cost of having empirical flows ¢°(Sr) different from the typical flows
w?(SL)p°+ that would be produced by the empirical densities p5z-9.
The parametrization of the empirical flows

a(SL) +j(SL)

¢ (SL) = 5

- (sy) = 250 (76)
in terms of the activities and the currents

a(S1) =q"(SL) + ¢ (S1)

J(SL) = q"(St) — ¢ (St) (77)

yields that the rate function of Eq. 75 becomes

-3 |:j(SL) n ([a(SL) +§ESL ]w_<SL)pSL’_)

Zoslq(.);5(); 07

2 2 s -
S 2(St) — 7%(8
+a( L) In a”(51) ]_( L) S —a(SL)+w+(SL)pSL’++w_(SL)pSL’_ (78)
2 dwt(Sp)pSrtwi (SL)piti;
C. Constitutive constraints of the empirical observables

The constraints concerning the empirical densities of Eq. 29 simplify into
Colpsp]=6(p~ =[L=pT) o (0" = [p" =p™ ) (p" = p* =p™ )6 (p~" =1 =2p" +p**]) (79)

and allow to compute all the values of the empirical densities [p'; p*] in terms of the two basic variables (p*, p™T).
As discussed in detail in subsection III C, despite the explicit rate function at Level 2.5 of Eq. 75, or equivalently

Eq. 78, and despite the explicit constitutive constraints of Eq. 79 for the empirical density, the Level 2.5 cannot be

written in closed form as a consequence of the closure problem in the stationary constraints for the empirical currents.
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D. Explicit large deviations at Level 2.25 for the local empirical densities and the local empirical activities

As discussed in subsection III D, the detailed-balance property ensures that the vanishing of the empirical currents
j(SL) of Eq. 77

JP(SL) =0 (80)
leads to the closed Level 2.25 for the empirical density and the empirical activity

PE (i), = Calpriprrle” TN T2aslal )] (1)

where the constitutive constraints Cz[p'; p'] have been written in Eq. 79, while the rate function at Level 2.25 is
obtained from the rate function at Level 2.5 of Eq. 78 when all the empirical currents vanish j°P*(S.) = 0

Trosla();p]  =Zaslal.);j(.) =0;p]

5 [alsy) @*(S1) bt 4 (S5
_s;i[ 0 () S S (s )

An alternative derivation of this rate function Zs o5[a(.); p~'] at Level 2.25 for empirical time-space-averaged activities
a(Sy) and the local time-space-averaged densities p°=+% is given in Appendix E via the explicit contraction from the
Level 2.25 in the space of the 2V configurations.

For the pure East model with the soft constraint of parameter e in the flip rates of Eq. 67, the rate function at
Level 2.25 reads more explicitly

+) a’(+ _
IPureEastSoft disp _ a( 1 o 1— ++ +
2.25 la(.);; 0] 5 de(l—o)pttp- a(+)+ (1 =c)p™ +cp
a(—) a’(-) - -
1 —a(— 1-— + 83
0 () ) el = 9 e (53)
E. Explicit contraction towards the Level 2 for the empirical density alone

The optimization of the rate function of Eq. 82 over the activities a(Sr,)

0Ly 25la(.);p7] 1 a*(Sr)
= — - - = — 4
0 0a(Sr) 2 I dwt(SL)pSetw—(SL)pSe— (84)
leads to the optimal values
0 (St) = 2wt (Sp)pSeHw (Sp)pSem (85)

that can be plugged into Eq. 82 to obtain the rate function at Level 2

Dlp] = Toasla® () p] = Z [\/w+(sL)psL,+ _ \/’LU_(SL)/)SL7_:|2 (86)
Sp=+

that governs the probability of the empirical density alone

PP s p] Tioocz[p';p"'}e_TNIQ[”';pW] (87)

For the pure East model with the soft constraint of parameter € in the flip rates of Eq. 67, the rate function at
Level 2 reads more explicitly

gPureEastSofty .1 _ [\/(1 ot — \/C'O+_r e [\/(1 —opt — \/Cp—_r (88)
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1

F. Typical fluctuations of order TN for the empirical densities and activities around equilibrium values

The equilibrium 2-spin density of Eq. 5
HSiil#Si = HSiilHSi = [0551171,4- + (1 - C)(Ssifh_:l [0551',-"- + (1 - c)dsiy_] (89)
and the corresponding equilibrium activities

A(F)  =2wT(HITTT = 20w (HITT =2¢%(1 —¢)
=2

A(-) wh ()T = 2w (=)~ = 2ec(1 — ¢)? (90)
are the only values of the empirical densities and activities that satisfy the constraints and that make the rate function
IPureEastSoft e e

295 [a(.); p~] of Eq. 83 vanish.
If one is interested only in the small fluctuations of order \/%TV around these equilibrium values
SL,S s, P00
L — H L _|_
P VTN
a(St)
a(S = A(SL) + 91
( L) ( L) \/ﬁ ( )
one just needs to expand the rate function Zy g2 ““***5°1 [4(); p] of Eq. 83 at second order in the perturbations to

obtain the rescaled Gaussian rate function for the rescaled densities p and activities a(.,.)

Fsmallya Lan] — . o d() s TTes- léw
a0 1= i (TNTaasla() = AG) + ok =T+ )
R 2 R 2
Z [LSL) - ’LU+(SL)[A75L’+:| + [Lgm - w_(SL)ﬁSL’_}
- Sp—+ A(S1)
_ oy ) =St +w (S2)p )] + [w (Sp)pse —w (Sp)p%e ]
Sp=+ 24(51)
_ [ ~ (1= 0p** +p ) +[(1 - 0ptt —cpt )’
N 4c¢%(1 —¢)
i) —el(1=09p%t + )+ @1 —apt ] )
dec(1l — ¢)?
that will govern the probability of the rescaled fluctuations
~ ~ rsmallfa LA
PENa()prip] = Calpiprle 3T 1A0) 07 (93)
together with the constraints inherited from Eq. 79
Colprs p] =8 (p~ = [~p™1) 6 (57~ — (0" = p™1) 6 (07 = [ — p+1) 6 (5~ — [-2p" + ")) (94)

If one is interested into the small fluctuations g of the empirical density alone, the rescaled rate function reduces
to

A 728 —o)ptt —ept )’ —o)pt—cp )
I;mall[ﬁ.,.] = T]Jﬂm (TNIQ[[)"' =1 + Jﬁ}) _ [(1 4)sz<1 — C)P } + 6[(1 4)6121 — C)zp ] (95)

Since the rescaled empirical densities [p:, ] belong to | — oo, +oc[, one can use the constraints of Eq. 94 to keep
only the two rescaled empirical densities [pT, 71| and one obtains the rescaled rate function

~ Al 12 N ~ At 12
pr] = <[p++ —opt] | T = ept = pY] )

fsmall At
2"l 4c2(1 —¢) 4e(1 — ¢)?

; (96)

vye
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that will govern their joint Gaussian probability without any remaining constraint

_jsmall[ A—H-}

HI2] 1~ ~
P%][+ T~ PP

P = (97)

The Gaussian integration over p yields that the probability of the 1-spin rescaled density p* alone reduces to the
Gaussian

P

PRGY = e 20 (98)

of variance

v=2¢(1-c) {c + (1_0)] (99)

€

that is finite for the soft version € > 0 of the pure East model, but that diverges for the true pure East model
corresponding to the hard-constraint e = 0 that will be analyzed in section V.

G. Time-additive observables that can be reconstructed from the empirical densities and activities

The empirical activity of Eq. 77 with Eq. 70

N
1
a(SL) = E 5Si—1(t),SL (100)
i=1 t€[0,T]:S: (1) #£5: (1)

represents the density of the flips in the whole system when the left neighboring spin takes the value Sp..
These empirical activities and the empirical densities of Eq. 71 allow to reconstruct any time-additive space-averaged
observable O that can be parametrized by some functions o(Sr) and B(Sy)

or =% lz o (S1)p% + B(S)a(S1)

Sp=%x LS==+

1 N
N— / S5OSO+ Y BS®) (101)

te[0,T):S; (t1)#£S;(t)

1. Averaged value and rescaled variance

The first cumulant G; corresponding to the averaged value (Or) coincides with the equilibrium value O, computed
from the equilibrium density I of Eq. 89 and from the corresponding equilibrium activities A(.) of Eq. 90

G1=(0r) =0 = > [Z o (Sp)II545 + B(SL)A(SL) (102)

Sp=+ LS==%

The small fluctuations of order \/ZIW around this equilibrium value can be rewritten in terms of the rescaled fluctuations
pand af(.,.) of Eq. 91

Or —(Or) = > a®(50)p% 5 + B(Sp)a(St)

1
1 (103)
\/ﬁ SL§=:i [S:i ‘|

so that the rescaled variance

G = TN{(Or — (Or))? =<<Z [Z (S1)5%5 + B(Sp)a(s >D > (104)

S==+

can be evaluated from the probability ]57[? 251 [a(.); pr; p] of the rescaled fluctuations of Eq. 93.
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2. Large deviations governed by the ate function Z(O) and the scaled cumulant generating function G(k)

The large deviations properties for large (T'N)

Pr(0) = e TNZ(O) (105)

are governed by the rate function Z(Q) that vanishes only for the equilibrium value O, of Eq. 102
Z(Ocq) =0 (106)

The generating function G(k) of the scaled cumulants G,
00 kn k‘2 .
= —_— = —_— 1
G(k) nEﬂQn py Gik + G 5 T O(k?) (107)

corresponds to the Legendre transform of the rate function Z(Q) via the saddle-point evaluation of the generating
function

(eFTNOTY = /doekTNOPT(O) ~ /dOeTN[kO—I(O)] ~  TNG(K) (108)
TN—+o0 T—+o00
The adaptation of the computation of Eq. 60 to the present case yields that the generating function
KTNOz .y o 1 TNLF )
@veny = [apcdpip et (109)
involves the function
e =Y [mﬁﬂ“%>v%ﬂ<sLNﬁLAUJ(sLnﬁLv
Sp=+
+ Y [(ka™(Sp) —wt(Sp)) p°*F + (ko™ (SL) —w™ (Sp)) p° ] (110)
Sp=+

For the pure East model with the soft constraint of parameter € in the flip rates of Eq. 67, the function of Eq. 110
reads

£5ureEastSoft[k] (o] = 9ekB(+) c(1—c)pttpt—+ (koz+(+) —(1- c)) ptt + (k‘a_(—i—) — c) pt—
+2e"ev/e(1 — c)p=Fp— + (kat (=) —e(l—=0¢) p~F + (ka (=) —ec) p~~ (111)

V. ANOMALOUS LARGE DEVIATIONS PROPERTIES OF THE PURE EAST MODEL

In this section, we consider the pure East model with the flip rates of Eq. 8
Whurebast (o0, C) = b, , 4 [(1 = €)3s, 4 + b, -] = w(S; 1) (112)

in order to analyze the anomalous dynamical large deviations properties that emerge for this hard-constrained model
€ = 0 with respect to the soft-constrained model € > 0 discussed in section IV.

A. Anomalous large deviations properties at Level 2.25 for the empirical densities and activities

In the limit € — 0, the large deviations at Level 2.25 of Eq. 81 become

_ PureFast Ly
P:[rz%][a(ﬂ;p';p"']T_ioocz[,o';p"']@ (ot > 0) e TN la(h):p] (113)

with the rate function of Eq. 83 for e =0

TEge P a(4): ] = ) = alh+ @ - 4o an
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Note that besides the constitutive constraints Ca[p; p~'] of Eq. 79, we have added the Heaviside constraint 6 (p™ > 0)
in order to exclude explicitly the configuration {S; = —1;4 = 1,2,.., N} that is disconnected from the set of the other
(2N — 1) configurations for the hard-constrained model € = 0.

We are interested into the region of empirical activities a.(+) and empirical densities [p;; pi’] that make vanish the
rate function Z24reEast[q, (+); pi'] = 0 of Eq. 114

pit = a(+)
* 2(1-¢)
- %) 115
pi 5 (115)
and that satisfy the constraints Ca[p'; p~'] of Eq. 79 and the supplementary constraint p* > 0 of Eq. 113
- «(+)
0<pt =t _ @ (
- ax(+
it =pl—plt = T( )
c
i = l-ptt o pt -t =1 a4 (116)
* e T 2¢(1— c)

Since all these empirical densities have to be in [0,1], one obtains that the remaining constraint for the positive
empirical activity a.(4) reduces to
2¢(1—-¢)

0 . <
< ax(+) < 5 .

al* (+) (117)

In summary, for any empirical activity a.(+) in the interval 0, al*** (+) = &CC)] the empirical densities [p;; p¥’]

computed from Eqs 115 and 116 satisfy the constraints of Eq. 79 and make the rate function of Eq. 114 vanish
II?u7eEa5t[ (+) ] =0.

B. Anomalous large deviations properties at Level 2 for the empirical densities alone

The large deviations at Level 2 of Eq. 87
PureEast[ ... ...
PRlpip) = Coloip1 (o7 > 0) e TNE: PPl (118)

involve the rate function of Eq. 88 for e =0

IQPUTeEaSt[p"} _ [\/(1 —C)p++ _ \/Cp+7}2 (119)

To obtain the region of empirical densities [p;; pi°] that make the rate function ZFvr¢East[p-] of Eq. 119 vanish
and that satisfy the constraints Ca[p:; p:7] of Eq. 29, we can use the previous analy31s of subsection V A concerning
the Level 2.25 : the first equation of Eq. 116 allows to replace the empirical activity in terms of the empirical 1-spin
density

a.(+) = 2¢(1 — c)p} (120)
into all the other equations of Eqs 115 and 116 to obtain the empirical 2-spin density

pi* =piec

pi= =pfl-o

pt =pf1-0

pi” =1-pi(2-c) (121)

while the inequality constraint of Eq. 117 translates into

0<pf (122)

2 —c
In summary, for any empirical density pJ in the interval ]0, 5= C] the empirical densities py’ computed from Eq 121
satisfy the constraints of Eq. 79 and make the rate function of Eq. 119 vanish ZvwreFast[p] = 0.
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C. Anomalous large deviations properties for the activity a(+) alone

The probability of the empirical activity a(+) can be obtained via the integration over the empirical densities of
the Level 2.25 of Eq. 113

_ PureFEast C e o PureEast
lﬂdﬂgj%/ﬁﬂ/mwﬁmwwvﬁ>®€TN%% alr)ier] o TNT ()] (123)

From the analysis of subsection VI A concerning the Level 2.25, one obtains that the rate function ZFurefast[q(4)]
vanishes on the interval of Eq. 117

2¢(1 —
IPureEast[a*(+)] =0 for 0< a*(+) < %

@ (+) (124)

For bigger activities a(+) > a™%*(4) = %,

can be then computed via the optimization of

the rate function will be positive ZFureEast[q(4)] > 0. Its value

1= ptt a(+) a*(+) ¢ 3
IPureEast R e — — 1 —92 _ 1—— ++ 125
2.25 [a(+)ap 5P 2 ] 9 n 20(1 _ C)p++(l _ p++) a(+) + 9 + 2C P ( )
over the remaining density p™"
8IPureEast : ++; +- 17p++ 9 S+ 1 3
0= 2225 la(+); 0" "5 p —I1 _a(+) p 11- 2 (126)
dptt 2 pt(1—pt) 9
leading to the second order equation for p*+
+) a(+)
0= (o2 — o+ |1 af 127
A IS e A R~ (127)

Let us now focus on the region 0 < ¢ < % where the solution of Eq. 127 in the interval [0, 1] yields the optimal value

2

[+ 22] - 1+ (52)
++ g 2
popt = 2

(128)

that can be plugged into Eq. 125 in order to obtain the rate function for the activity a(+) alone in the region

a(+) > a7 (+) = =2

PureFEast PureFast ++. +— 1- p(j—p—wif_
7 [a(+)] = 75 35 la(+); popes pT ™ = T}

a(+)

= In

D. Anomalous large deviations properties of time-additive space-averaged observables

In the pure East model € = 0, using the constraints of Eq. 79 to eliminate p=+ = p*~ and p=~ =1 — pt+ —2p7—,
one obtains that the time-additive space-averaged observable of Eq. 101 can be rewritten in terms of three parameters
(B,a™,a™™) only

O = Ba(+) + ot Tptt 4ot pt~ (130)
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1. Anomalous vanishing of the rate function Z(O) on a finite interval

The rate function Z(O) will vanish Z(O,) = 0 for any value O, that can be reconstructed from the region
[as(+); py; pi’] discussed in subsection V A

att at™ ~ 2c¢(1—¢)

O* — . ++ 4+ R - - . f 0 . < a, — 131
() ool "l = |8 g () for 0<au(4) Sad) = Ty 2 (181)
To be more concrete, let us now focus on the cases where the three parameters of Eq. 130 are positive

at™>0 ; atT>0 ; >0 (132)

Then Eq. 131 means that the rate function vanishes on the interval ]0, O]

att at™] 2¢(1 —c¢)

7(0,) =0 f 0<0, <07 = 133
(0:) or = P o= 20| 2-¢ (133)

2. Corresponding singularity in the scaled cumulant generating function G(k) at the origin k — ot

For a positive observable @ > 0 parametrized by the the three positive parameters of Eq. 132, the generating
function will be dominated for small k by the interval O, € [0, O7***] where the rate function Z(O,) = 0 vanishes
(Eq. 133)

+oo onraer
<ekTNOT> ~ eTNg(k) ~ / dOeTN[kO—I(O)] ~ / dOeTN[kO] (134)
0 0

TN 400 TN +oo k—0

This integral will be dominated by the maximal value O7%* for k > 0 and by the minimal value O7" = 0 for k < 0,
so that the scaled cumulant generating function G(k) will present the different behaviors for k — 0%

k) o~ kOM"
g( ) k—0— *

Gk) =~ koM (135)

k—0+t
i.e. its first derivative G’(k) will display the following discontinuity at the origin k — 0%

Gk=0") =0mn"=0
att at™] 2¢(1 —¢)

/ _ N+ _ mar __
Gk=0%) =o0om=e= ﬁ+2(1—c)+ | 5 (136)

VI. ANOMALOUS LARGE DEVIATIONS PROPERTIES OF THE RANDOM EAST MODEL
In this section, we consider the random East model with the flip rates of Eq. 8
WRandomEast(o.chC7 C) = 6Si71,+ [(1 - Ci)ési,+ + Ciési,*] = wfi(sifl) (137)

in order to analyze the anomalous dynamical large deviations properties that emerge for this hard-constrained model
€ = 0 with respect to the soft-constrained model € > 0 discussed in section III.

A. Anomalous large deviations at Level 2.25 for the empirical densities and activities
In the limit € — 0, the large deviations at Level 2.25 of Eq. 31 become

_ijggzdomEast [a' (+)7 p,]

N
PPN () pspr] = Calpripo (Z P> 0) e (138)
=1
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with the rate function of Eq. 33 for e =0

I3 a (+); ] = )
i=1

ai(+) a7 (+) + +-
In L —a;i(+)+ (L —c)p, 5 . +cipi 139

2 <4Ci(1 _ Ci)ﬂjjyipj:l,i ( ) ( )pz 1,2 P 1,4 ( )
Note that besides the constitutive constraints Cz[p;p:] of Eq. 29, we have added the Heaviside constraint
0 (Zfil o > O) in order to exclude explicitly the configuration {S; = —1;¢ = 1,2,.., N} that is disconnected from

the set of the other (2 — 1) configurations for the hard-constrained model € = 0.
We are interested into the region of empirical activities a (4) and empirical densities [p:; p:7] that make the rate

function I3%g54omEast[q (4); p--] of Eq. 139 vanish

i—1,7 2(1 _ Ci)
_ a;(+)
/’ztl,i = 7;0 (140)
and that satisfy the constraints Ca[p:; p::] of Eq. 29
_ ai(+)

Pl =Pt = oo
pit . =pf—ptt = ap(t)  ailt)

1—1,2 [ 1—1,2 2Ci+1(]— . Ci+1) 2(1 o Ci)

—= - - i(+) ait1(+)

bt g et g ) + 141
pzfl,z pzfl,z pzfl,z plflﬂ 201‘ 2ci+1(1 _ CiJrl) ( )

Since all these empirical densities have to be in [0, 1], one obtains that the remaining constraints for the N positive
empirical activities a;(4+) > 0 can be summarized by the following inequalities for any i = 1,.., N

0< ai(+) < aiv1(+) <1- ai(+)
2(1 — Ci) QCH_l(l — Ci+1) 261'

(142)

In summary, whenever the N empirical activities a;(+) satisfy the inequality constraints of Eq. 142 for any

i=1,..,N, and the supplementary constraint (Zi\; aj > 0), the empirical densities computed from Eqs 140 and

141 satisfy the constraints of Eq. 29 and make the rate function of Eq. 139 vanish 15%zdomEast[q (4); p] = 0.

B. Anomalous large deviations at Level 2 for the empirical densities alone

The large deviations at Level 2 of Eq. 37

2] o 0 N L _TIQRandomEast[p.,.] 4
Prlospz], = Colpis ] ;pi >0 e (143)
involve the the rate function at Level 2 of Eq. 38 for e =0

N

2
sgensomtesty) = 3 [ cop, = Jeni (144)

i=1

To obtain the region of empirical densities [p:; p-:] that make the rate function [RandomBast [p:] of Eq. 144 vanish
and that satisfy the constraints Cy[p:; p:] of Eq. 29, we can use the previous analysis of subsection VI A concerning
the Level 2.25 : the first equation of Eq. 141 allows to replace the N empirical activities in terms of the empirical
1-spin density

ai(+) = 2pei(1 — ) (145)
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into all the other equations of Eqs 140 and 141 to obtain the empirical 2-spin density

P;rjl,i = P;r—lci

p;t_l,i = ij(l )

Pilta =Pl

P =1l1-p(l—c)—pf (146)

while the inequality constraints of Eq. 142 translate into
0<plyei<pf <1-py(1—c) (147)

In summary, whenever the N empirical 1-spin density p;r € [0,1] satisfy the inequality constraints of Eq. 147
for any ¢ = 1,.., N and the supplementary constraint (Zivzl p;" > 0) : together with the empirical 2-spin density

computed via Eq. 146, they satisfy the constraints of Eq. 29 and they make the rate function of Eq. 139 vanish
IRandomEast [p ] =0.

C. Anomalous large deviations properties of time-additive space-local observables

In the Random East model with the hard constraint e = 0, the time-additive space-local observable of Eq. 51 can
be parametrized by some functions §; and aSL’S

N
S .S Sp,
OT = Z 61(17,(‘{‘) + ‘ Pi Ll N (148)
i=1 Sp==+,5=+
1. Anomalous vanishing of the rate function I1(O) on a finite interval

The rate function I(O) will vanish I(O.) = 0 for any value O, that can be reconstructed from the region dis-
cussed in subsection VIA of empirical activities a (4) and empirical densities [p; p:] that make the rate function

IfigndomEast[q (4): p--] of Eq. 139 vanish and that satisfy the constraints Ca[p:; pr-] of Eq. 29

N
=Y (Bia(+) + a7 o o el e e s i) (149)
=1

N

S () 40t 2w e [ @) ah) ) o[y al) | an()

=1 2(1 — CZ) 282 20¢+1(1 — Ci+1) 2(1 — Ci) 261 26i+1(1 — C¢+1)

where the N empirical activities a;(+) have to satisfy the inequality constraints of Eq. 142 and the supplementary
constraint 0 (Zf\;1 ai > O).

As a consequence, the rate function 7(0O) will vanish on the finite interval [0 O™a*]
I1(0,) =0  for omn <0, <ome (150)

where O™ and O7** are the minimal and the maximal values that can be reconstructed via Eq. 149.

2. Corresponding singularity in the scaled cumulant generating function G(k) at the origin k — 0%

For small k, the generating function will be dominated by the interval O, € [O7" O™ where the rate function
I1(O.) = 0 vanishes (Eq. 150)

+o0 o
(eHTOT) = et = / dOeTHO= O] ~ / dO.e™ (151)
— 100 — 100 0o

*
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This integral will be dominated by the maximal value O for k > 0 and by the minimal value O™" for k < 0, so
that the scaled cumulant generating function G(k) will present the different behaviors for k — 0%
G(k ~ EO™n
(k) k—0—
G(k ~ kO 152
(k) = koI (152)

i.e. its first derivative G’(k) will display the following discontinuity at the origin k — 0%

G'(k=07) =05
G'(k=0%T) =o0m~ (153)

VII. CONCLUSION

In this paper, we have revisited the East model via the large deviations for the relevant local empirical densities and
the relevant local empirical activities that only involve two consecutive spins. We have first considered the random
East Model with the soft kinetic constraint e > 0 in order to derive the regular large deviations properties with
respect to the time-window T of the O(N) relevant empirical time-averaged densities and activities. We have then
turned to the pure East Model with the soft kinetic constraint € > 0 in order to derive the regular large deviations
properties with respect to the space-time volume (T'N) of the O(1) relevant empirical time-space-averaged densities
and activities. Finally, we have analyzed in detail the anomalous large deviations properties that emerge in the
hard-constraint limit € = 0 both for the pure East model and for random East Model.

In the future, it will be interesting to study the dynamical properties of other spin models with local rates satisfying
detailed-balance via the closed large deviations at Level 2.25 for the relevant local empirical densities and activities
involving only a few spins.

Appendix A: Reminder on large deviations for the relevant empirical observables

In this Appendix, we summarize the general procedure to derive the large deviations properties for the relevant
empirical observables of Markov trajectories.

1. Identification of the relevant time-empirical observables that determine the trajectories probabilities

For the Markov model defined by the Markov generator W, the first step consists in rewriting the probability of a
long dynamical trajectory C(0 <t <T)

PlCO<t<T) = o 1% (BElC(O0<t<T)) (A1)

in terms of an intensive action @y (E[C(0 <t < T)]) that depends on the Markov generator W, and that only
involves a few relevant time-empirical observables E[C(0 <t < T')] of the dynamical trajectory C(0 <t <T).

2. Number of dynamical trajectories of length 7" with the same value of the time-empirical observables

Since all the individual dynamical trajectories C(0 < ¢ < T') that have the same empirical observables E = E[C(0 <
t < T)] have the same probability given by Eq. Al, one can rewrite the normalization over all possible trajectories as
a sum over these empirical observables

1= Y Pleo<t<T)] = S p(E)e 2w (F) (A2)
C(0<t<T) Tt

where the number of dynamical trajectories of length T associated to given values E of these empirical observables

Qr(E)= > S(E[C(0<t<T)|-E) (A3)
C(0<t<T)
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grows exponentially with respect to the length T of the trajectories

Qr(E) =~ O(E) LE) (A4)

T—>_+oo

The prefactor C(E) denotes the appropriate constitutive constraints for the empirical observables E. The factor

S(E) = % represents the Boltzmann intensive entropy of the set of trajectories of length T with given empirical
observables E. Let us now recall how it can be evaluated without any actual computation (i.e. one does not need to
use combinatorial methods to count the appropriate configurations).

The normalization of Eq. A2 becomes for large T

Lz, eE) [S(E) — n (E)] (45)

When the empirical variables E take their typical values EF‘% for the Markov generator W, the exponential behavior

in T of Eq. A5 should exactly vanish, i.e. the entropy S(EY?) should exactly compensate the action ®py ( EFY2
W w1 (Bt

S(ELR) = S, (E[t%) (A6)

To obtain the intensive entropy S(E) for any other given value E of the empirical observables, one just needs to
introduce the modified Markov generator W that would make the empirical values F typical for this modified model

_ ptyp
E=EBf (A7)

and to use Eq. A6 for this modified model to obtain
_ typ — & . wr) _ @ .
S(E) =SB ) = Py (B ) = iy (B) (A8)

Here one should stress that the modified generator Wg and thus S (E) depends only on the empirical observables F
and do not involve the initial generator W. Plugging Eq. A8 into Eq. A4 yields that the number Q7 (FE) of dynamical
trajectories of length T' associated to given values F of these empirical observables of Eq A3

Or(B) ~ o(E)ISE) ~ o) e (F)

T—)_-‘roo T—)_-‘roo

(A9)

only involve the action QD[WE] (E) of the empirical observables E evaluated for the modified generator Wi defined by
Eq. AT.

3. Large deviations for the relevant time-empirical observables E

The normalization over trajectories of Eq A2 can be rewritten as the normalization
1=Y" P(E) (A10)
E

for the probability

PPE) =~ QpE)e TewE) (A11)

T—>_+oo

to see the empirical observables F when the dynamical trajectories of length T' are governed by the Markov generator
W. Plugging Eq. A9 into Eq. A2 yields the large deviation form

P9 () L= OB e~ T125(E) (A12)

where the rate function at Level 2.5

I 5(E) = Qw)(E) — Py, (E) (A13)
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is simply given by the difference between the intensive action ®py(E) associated to the true generator W and the
intensive action QD[WE](E) associated to the modified generator W that would make the empirical value E typical

(see Eq. AT7). Tt is positive I 5(F) > 0 and vanishes when E takes the typical value E[t%

0= ILs(ER)) (A14)

i.c. only when the modified generator Wy coincides with the true generator W.

4. Example : derivation of the large deviations at Level 2.5 for Markov jump processes

Let us now describe how the general formalism described above can be applied to the continuous-time Markov jump
process described by the Master Equation
OP(C)
ot

=N"w(c,c)p(C) (A15)
>
Cl

The trajectory probability of Eq. 10 can be rewritten as
Ty > [a(C.O)m(W(C',C)) = p(C)W(C', O)]
Plz(0<t<T)=e ¢ ¢#C (A16)

in terms of the empirical time-averaged density

1 T
o) = [ dticie (A17)
satisfying the normalization
Z p(C) =1 (A18)
c

and on the empirical flows from C to C" # C

1

9(C".0) = % Y beunordew,c (A19)
#:0(8)£C(++)

satisfying the following stationarity constraints. For any configurations C, the total incoming flow into C'

1
n(C)= D aC.CY =7 D dounc (A20)
Cr#C :C(8)£C(t)
and the total outgoing flow from C
1
Gout(C)= Y q(C.C)=% D dcwc (A21)
C'#C :C(8)£C(t)

should be equal up to boundary terms of order 1/T (involving the initial configuration at time ¢ = 0 and the final
configuration at time T') that can be neglected for large time-window 7' — +00

0= gout(C) = g:n(C) = > (4(C',C) = q(C,C")) (A22)
C'#C

With respect to the general formalism summarized in Appendix A, this means that the relevant empirical observables
E are the empirical density p(.) and the empirical flows ¢(.,.), while the corresponding action introduced in Eq. Al
reads

o)l )] =D D [p(CYW(C,C) — q(C',C) In(W(C',C))] (A23)
C C'#C



25

For the modified rates W (C’,C) that would make typical the empirical variables [p(.); q(.,.)]

’ q(C’,C)
W', C) = () (A24)
the action of Eq. A23 becomes
B (- =33 [ep(c.c) - glc, Oy (C, 0))]
C C'#C
_ (! (¢, C)
—g 3 ueor-aeomd ) (425)

The difference of Eq. A13 between the actions of Eqs A23 and A25 allows to recover the well-known rate function at
Level 2.5

Bs(pia.) = Bunlp(sals )] - ()il )
5> [ C)In (M) —q(C”,C’)+W(C”,C’)p(C’)} (A26)

C C'#£C

that governs the probability of the empirical observables [p(.); ¢(.,.)] for large T [21, 24—44]

PRIt )], e-“w[p(-m-ﬂa(Zp< —1>H6 > (@€, ~a(C'.C)) (a27)

T
Foo c CrEC

where the constitutive constraints of the empirical observables have been discussed in Eqs A18 and A22.

Appendix B: Detailed-Balance Markov Jump processes : explicit contractions of the Level 2.5

In this Appendix, we describe how the Level 2.5 of Markov Jump processes described in the subsection A4 of
the previous Appendix can be contracted explicitly towards lower levels when the rates satisfy the Detailed-Balance
condition.

1. Level 2.5 when the empirical flows are replaced by the empirical activities and the empirical currents

It is convenient to order the configurations. For each link (€7 > C), it is useful to parametrize the two empirical
flows ¢(C’,C) and ¢(C,C") of Eq. A19

a(C",C) +4(C",C)

o(C'.C) = .
0,0 = 1O IEE (B1)
by their symmetric and antisymmetric parts called the activity and the current
a(C’,C)=q(C',C)+q(C,C") =a(C,C")
J(C",C) =q(C",C) —q(C,C") = —j(C,C") (B2)
Since the stationarity constraints of Eq. A22 only involve the currents j(.,.) and not the activities a(.,.)
> i) =0 (B3)
C'#C
the Level 2.5 of Eq. A27 becomes
PrPlp(Nial (0] e irolrea g (ch p(0) - 1) II)| 3 o) (B4)
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The rate function translated from Eq. A26 via the change of variables of Eq Bl

Lys[p(.);a =33 B p(C)alC, C);5(C,O)) (B5)

Cc C'>C

involves the following contribution for the link [C’, C]

1S p(C); p(C); a(C7, C); §(C, O] =

i(c.o) ((G(C”C) +4(C, C)W(C, C')p(C')>
2 (a(C",C) = 4(C", C)W(C", C)p(C)
a(C’,C) ! a*(C',C) - j3(C',C)

L “(4W(caC>p<C>W<c,c/>p<0/>

) —a(C,C) + W(C",C)p(C) + W(C,Cp(C")  (B6)

It is useful to separate the even and the odd parts with respect to the link current j(C’, C)

1% p(C); p(C);a(C, C); (T, C)) = TG T [p(C"); p(C); a(C', C); (C', C)] + 1% C10M p(C"); p(C); a(C', ©); §(C”, C))(B

The even contribution reads

, [c’,0] 1. . ’ i [c’.c] . . ’ NPT
]£C; ,O]Even[p(cl);p(c);a( ) ](C, C)] _ 12 5 [ (C )1p(C)7a(C 70)7.7(0 10)] +2I2,5 [p(C )’p(C)’a(C 10)7 ](C 70)]

— j(C/,C) In (a(C”,C) +j(clv )) + a(Clv ) In ( GQ(C,, C) — jQ(Clv C)
2 a(C’,C) — §(C",C) 2 AW (C7,C)p(CYW (C, C")p(C")

while the odd contribution

1CI0dd; Nt o e _ 15 p(C); p(C);a(C, 0 4(C, ) = 1% T p(C); p(C); a(C', C); —§(C", O)]
L5 O p(C): p(C):a(C, 0):5(C.0)) = 5

_H(C.0), (W(C.Cp(C)
=15 (Yoone ) .

is simply linear in the current j(C’,C). The factor In (%) measures the irreversibility associated to the

two link flows W (C,C")p(C") and W(C’,C)p(C) that would be typically produced by the empirical densities p(C")
and p(C). This can be considered as an example of the Gallavotti-Cohen fluctuation relations (see [33, 48, 85-96] and
references therein).

2. Detailed-Balance : the sum of the current-odd contributions vanishes in the rate function at Level 2.5

When the rates satisfy the detailed balance condition on each link C' # C’
= W(C,C")Peg(C") = W(C',C) Pey(C) (B10)
on can plug the ratio of the two rates

W(C,C")  Pey(C)

W(C,C) ~ PeglC) (B11)
into the odd contribution of Eq. B9 to obtain
! / ’ ’ o C) p(Cl) p(C)
11C-C104d 1 ony: p(O); a(C, C); §(C7, C i {m( —In B12
50O plC)sal 1, 0 (O, C)) = T o) yotes (B12)

The sum of all the odd contributions of Eq. B12 then vanishes as a consequences of the antisymmetry of the current
J(C',C) = —4(C,C") of Eq. B2 and of the stationarity constraint of Eq. B3

SN BN p(C)a(C, C):5(C, O

Cc Cc'>C
_ i(c.0) [ rlC i, e p(C)
zC: C’Z>:C 2 ( ) zc: CZ>:C <Peq(0) >
_ I (PO - - _ i (PO - _
- 2;1 (Peq((])> C;C](C,CHCZ;C;(C,C)] 2;1 (Peq((])> C%;CJ(C,C) 0 (B13)

) —a(C’,C) + W(C',C)p(C) + W(C, C")p(C")(BS)

7)
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As recalled after Eq. B9, the odd contributions of the links to the rate function at Level 2.5 are linear in the link
currents and are directly related to the irreversibility of the dynamics. The physical interpretation of the vanishing of
the sum of all these odd contributions (Eq. B13) is that a detailed-balance dynamics cannot have a global irreversible

property.
So the total rate function of Eq. B5 reduces to the sum of the even contributions of the links

Lyslp()ia =33 B () p(C)a(C, € 5(C, O)) (B14)
c C'>C

As a consequence, when the empirical density p(.) and the empirical activity a(.,.) are given, any configuration of
the empirical currents j(C’,C) that satisfies the stationary constraints of Eq. B3 has the same rate function as the
configuration with the reversed empirical currents (—j(C’,C)) that also satisfies the stationary constraints

Irs[p(); a( )0 (5 )] = Tas[p()s al, ) =3 (, )] (B15)
3. Explicit contraction over the currents towards Level 2.25 for the density p(C) and the activity a(C’,C)

The behavior of the even contribution of Eq. B8 with respect to the current j(C’,C) €] — a(C’, C), +a(C’,C)[ can
be analyzed as follows : the first partial derivative with respect to the current j(C’, C)

LG M [p(C1): p(C): a(C!, C)35(C,ON) _ 1 (€', C) +4(C",C) (B16)
dj(C’,C) 20 \a(C,C)—4(C",0)
is of the sign of the current j(C’, C'), while the second partial derivative remains positive
1 " p(C): p(C); 0 €, O3 (CL O _ € C) (B17)
an(C/,C) B QZ(C/vc) 7]‘2(0/70)
So the vanishing of the empirical currents on all the links (C’, C')
Jr(C,C) =0 (B18)

allows to minimize the rate function s 5[p(.);a(.,.); j(.,.)] of Eq. B14, while the stationary constraints of Eq. B3 are
trivially satisfied. The physical meaning is that for any given empirical density p(.) and any given empirical activity
a(.,.), a detailed-balance dynamics prefers to remain detailed-balance even at the empirical level via the vanishing of
all the link empirical currents (Eq. B18).

As a consequence, this optimization over the current of the Level 2.5 of Eq. B4 yields the large deviations for the
joint probability of the empirical density p(.) and of the activity a(.,.), that we will call the Level 2.25 in the present
paper (just to mean that it is between the Level 2.5 described above and the Level 2 that will be described in the
next subsection)

where the rate function Is o5[p(.); a(.,.)] at Level 2.25 is obtained from the rate function at Level 2.5 of Egs B5 and
B6 when all the empirical currents vanish j°P*(C’,C) = 0 = 0 (Eq. B18)

Lyaslp()sal., )] = Taslp()sal, ) 77, .) = 0]

)
a(C',C a?(C',C , ’ / ’
=;CZ>SC[ 0 (oo aE ) 4O 0+ WCpE) + W(E,Co(Ch) |B20)

4. Explicit contraction of the Level 2.25 over the activity a(.,.) towards the Level 2 for the density p(.)

The optimization of the rate function at Level 2.25 of Eq. B20 over the empirical activities a(C’, C)

Olyaslp()ial, )] 1 a2(C',0)
ga(C’,C) =5 (4W(Cf,0)p(c)W(c, C”)p(C”)) (B21)

0:
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lead to the optimal values

a®!(C',C) = 2¢/W(C", C)p(C)W(C,C")p(C") (B22)
that can be plugged into Eq. B20 to obtain the rate function at Level 2
L[p()] = I2.25[p(.); a®(. => > [W (C",C)p(C) +W(C,C")p(C") = 2¢/W(C", C)p(CYW(C, C")p(C")
c c'>C
- WW(O,C)p(c) —VW(C ] (B23)
[l e

that will govern the large deviations properties of the probability of the empirical density p(.) alone

Pﬁ][ ' THH)O (Zp )eTIz[P(N (B24)

The fact that the Level 2 is closed and explicit for detailed-balance Markov dynamics is well-known since the works
of Donsker and Varadhan [97].

5. Contraction of the Level 2.25 over the density p(.) to obtain the rate function for the activity a(.,.)

A natural question is now whether on can contract the Level 2.25 of Eq. B19 over the empirical density p(.) in
order to obtain the rate function I[a(.,.)] that governs the large deviations properties of the activities a(.,.) alone

Prla(.,)] o e~ Tl (B25)
—+o0

It is useful to introduce the following notations for the total rate W°“(C') out of the configuration C
wert(c) = Y w(C',C) (B26)
C'#£C
and for the total activity of the links connected to the configuration C'
a(C)= > alC,C) (B27)
Cr#£C

Using the symmetry in (C,C") of the activity a(C’,C) = a(C,C"), the rate function at Level 2.25 of Eq. B20 can be
rewritten using the notations of Eqs B26 and B27 as

@2(C", ) :
Laslp() icjc%;c 2 i (yreasmieren )~ e - mio(c)]
#5253 a0+ W(E OO+ WE )
C c#C
Cv/7 ClZ(C/, C) atat(c atot .
Ay G— ) - LS we(@ple) (B2s)
- > G (it aeey) - X T e - S5+ S

In order to optimize this rate function at Level 2.25 in the presence of the normalization constraint for the density
(Eq. B19), we consider the following Lagrangian involving the Lagrange multiplier w

Tp();a.()] = Taslp();a. ()] +w (1 - ZP(C)>
C
B a(C’,C) a2(C",C)
=2 > — (4W(0/,C)W(c, C’))

C C'#£C

+Z( 5 - (o) + (0 - ] 0 ) + o



29

The optimization of this Lagrangian over the empirical densities p(C)

8T[p(), a()} _ _atOt(C) out —w
0= 200 20 + [Wo(C) — w] (B30)
yields the optimal values
P7(C) = e = (B31)

where the Lagrange multiplier w has to be smaller than the total rate W°“(C) out of any configuration C' and has
to be chosen in order to satisfy the normalization constraint

_ opt — a’tOt(C)
1= Ecjp (©) EC: ST 0) —al (B32)

The rate function I[a(.,.)] that governs the large deviations properties of Eq. B25 for the activities af(.,.) alone
corresponds to the value of the Lagrangian of Eq. B29 when the empirical density p(.) takes its optimal value p°P!(.)
of Eq B31 satisfying the normalization constraint of Eq. B32

Ia(.,.)] =7 (); ( )]
o a%(C’,C)
=>. Z (4W(C’,C)W(C, C’>>

C C'#
+2C: ( o 02(0) 1n(p0pt(0)) + [WOUt(C) _ OJ] popt(c)> +w
_ a(C’,C) QQ(C/, 0) atot(c) atot(c)
= %:C%:C I In (4W(C’,C)W(C, C’)) - ZC: 5 In (2 W (C) = w]) +w (B33)

with the notations of Eqs B26 and B27. However this rate function remains somewhat implicit since the Lagrange
multiplier w is defined via Eq. B32. To see more clearly the physical meaning, one can use the equilibrium state
P.,(C) and the equilibrium activities

Aeg(C",C) = 2W(C", C)Pay(C) = 2W(C, C")Pog (C") = Ay (C,) C) (B34)

with the corresponding total equilibrium activities of Eq. B27

ALHC) = Y Ag(C',C) = 2W(C) Py (C) (B35)
C'#£C
in order to rewrite the rates as
Ay (C,0)
/ _ eq )
w,e) = 72Peq(0)
AtOt(O)
out — eq B
W) =gt (B36)

Then Eq. B32 for the Lagrange multiplier w reads

atot C
1= YR ey s (7

while the rate function of Eq. B33 becomes

B a(C',C) a?(C’,C) a't(0) att(C)
-2 ¥ GO (moe) T 1“<[Azzt<c>—2wpeq<c>]>+“ (235

C C'#£C c

where it is now obvious that the value w = 0 is associated to the equilibrium where the rate function vanishes.
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6. Comparison with the simplifications for the large deviations of detailed-balance diffusion processes

As a final remark, it is useful to mention the similar simplifications for the large deviations properties of detailed-
balance diffusion processes, despite some technical differences.

a.  Reminder on the Level 2.5 for diffusion processes

For diffusion processes described by the Fokker-Planck Equation in the force field ﬁ(f) in dimension d, with diffusion
coefficient D(Z)

OP,(2)
ot

the large deviations at Level 2.5 involve the empirical density

= V. [P@F@ - @)V (839)

1 T
=_ / dt 6D (Z(t) — &) (B40)
T Jo
satisfying the normalization
/ iz p(z) =1 (B41)
and the empirical current j(7)
— 1T diE(t) (d) -
J(@) = = dt —=6\Y(Z(t) — @) (B42)
that should be divergence-free

Vi@ =0 (B43)

in order to ensure the stationarity. .
The joint distribution of the empirical density p(.) and the empirical current j(Z) follows the following large deviation
form [24, 25, 29, 30, 33, 43, 45-47]

PE0(),50)] = 5(/ddmp ) [Hé(vjf)] ~Lo.50p(-), 5 ()] (B44)

T—4+oc0

where the constitutive constraints have been discussed in Eqs B41 and B43, while the rate function is simply Gaussian
with respect to the empirical current j(&)

d - . S 2
Rslp()50) = [ T (@ — H@F @ + D@ V@) (B15)

As a consequence, the decomposition into even and odd contributions with respect to the current j(f)

s p(). 7] = 5[0, 7] + 198000 5 (B46)
involves the even contribution
dy . o 2
00,501 = [ pee (PO + [-0@F@ + @) ) (B7)

while the odd contribution is linear with respect to the current j'(:?)

I80p(),50) = 5 [ 7 (@)

Y+ Vin(p (33’))] (B48)
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b.  Simplifications when diffusion processes satisfy Detailed-Balance

For the Fokker-Planck of Eq. B39, the detailed-balance condition corresponds to the vanishing of the steady current
0 = Pog(Z)F(Z) — D(F)V Pey(7) (B49)
in the equilibrium state P.q(Z) in the potential U(Z) at inverse temperature /3

L eBU@
Pey() = — (B50)

i.e. the force ﬁ(f) should be of the form
F(#) = D&V In(P,, (7)) = —BD(@)VU(3) (B51)

Plugging this detailed-balance force into Eq. B48, one obtains after an integration by parts and using the stationarity
constraint of Eq. B43 that the odd contribution of Eq. B48 vanishes

80,50 =5 [ 45 @)% (5U(@) + Inlo(@)

_ _% / 4% [BU(F) + In(p(@)] V. (@) = 0 (B52)

As already mentioned after Eq. B13 concerning the analog property for Markov jump processes, the physical meaning
of this vanishing contribution is that a detailed-balance dynamics cannot have a global irreversible property.
So the rate function at Level 2.5 of Eq. B46 reduces to the even contribution of Eq. B47 with the force of Eq. B49

bammﬂﬂ=5?ﬂmmﬂn=i/WﬁmmM@<DéﬁQa+ﬁﬁm@+ﬁm@@ﬂﬁ (B53)

As a consequence, when the empirical density p(.) is given, any configuration of the empirical current 5() that satisfies
the stationary constraint of Eq. B43 has the same rate function as the configuration with the reversed empirical current
j(.) that also satisfies the stationary constraint

Lslp(.),5()] = Las[p(-), =i ()] (B54)

When the empirical density p(#) is given, the rate function of Eq. B53 is minimized when the empirical current
vanishes everywhere

-

Jopt (T) =0 (B55)

while the stationarity constraint of Eq. B43 is trivially satisfied. As already mentioned after Eq. B18 concerning
the analog property for Markov jump processes, the physical meaning is that for any given empirical density p(.) a
detailed-balance diffusion process prefers to remain detailed-balance even at the empirical level via the vanishing of
the empirical current everywhere (Eq. B55).

As a consequence, the contraction of the Level 2.5 of Eq. B44 over the empirical current ;(a'c’) is explicit via the
optimal solution of Eq. B55 that leads to the Level 2 for the empirical density p(¥) alone

T~>_+oo

PRI, = o ( [ atao@) — 1) e O] B56)

with the rate function at Level 2 obtained from the rate function at Level 2.5 of Eq. B53 for vanishing current
jopt(f) =0

2

i / 4% D(@)p(E) [BVU () + Y In(p(@)) (B57)

- —.

Lp(.)] = Irs5[p(.),j(.) = 0]

So here the contraction of the Level 2.5 over the current gives directly the Level 2 for the empirical density, since
there are no ’activity degrees of freedom’ in diffusion processes, in contrast to the Markov jump processes described
previously.
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Appendix C: Large deviations in the space of the 2V configurations of the random soft East model

In this Appendix, the large deviations at various levels for Detailed-Balance Markov Jump processes summarized
in the previous Appendix are applied in the space of the 2V configurations of the random soft East model (Eq. 14).

1. Application of Level 2.5 in the space of the 2V configurations of the random soft East model

For a trajectory {S1(t), ..., Sn(t)} of the N spins over the large time-window 0 < ¢t < T, the empirical time-averaged
density of Eq. A17

satisfies the normalization of Eq. A18

The empirical flows of Eq. A19 associated to the flip rates wf*(SZ-,l) of the model read

i—1 N
_ 1
@ (81, 8i15 Siq1, -, SN) = T > [1:[1 5sn(t),sn] IT os..5, (C3)

S; (t)=5; p=i+1
te[o,T]:Si(;g;::Si

The stationarity constraint of Eq. A22 for the configuration (Si, ..., Sy) reads

0= Z [qfsi(sh ey 8113841y e SN) — @77 (1, s Sic1; S, -~7SN)} (C4)

i=1
The rate function of Eq. A26 that governs the large deviations at Level 2.5 of Eq. A27 reads

Ll Ol= 30 > . Y

S1=+ So=% Sy=+

Nl s Q;Si(--vsifl;si+17--) S, S,
Z 47 (s Siz15Sig1, ) In | — — ¢ (.y Si—13Si41, ) +w; (Si—1)p(..Si—1,5:, Sit1..) (Cs)
w;*(Si—1)p(..Si—1, 8%, Siy1..)

=1
The parametrizations of Eq. B1 for the empirical flows

a;i(.ey Si1; Sit1, ) + 74i(eey Sic1; Sig1, )

a; (s Siz1; Sig1, )

2
_ a; ..,Si, ;Si yeo) — .i ..,Si, ;SZ' 5.
q; (..,Sifl;SiJrh ) = ( ! +1 ) B) J ( ! +1 ) (CG)
in terms of the activities and the currents of Eq. B2
ai(.., Si_l; Si+1, ) = q?—(..7 Si—l% Si+1, ) + qi_("’ Si—1§ Si+1; )
il Sic13 Sig1, ) = (o, Sic13 Sign, ) — @ (5 Sim15 Sigas ) (C7)

allows to rewrite the stationarity constraints of Eq. C4 in terms of the currents only (Eq. B3)

N
0= Zji(Sh--ySi—1§Si+la--7SN) (C8)
i=1
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2. Application of Level 2.25 in the space of the 2V configurations of the random soft East model

As explained in detail in Appendix B, the detailed-balance property satisfied by the rates allows to make the explicit
contraction of the Level 2.5 over the empirical currents via the simple optimal solution where the empirical currents
on all the links (Eq. B18)

397y Si—15 Sig1,..) =0 (C9)
and leads to the Level 2.25 of Eq. B19 for the empirical density and the empirical activities

Pj[?.%] (o) a. ()] T4>+oo <Z Z (Sis s S) — 1) e~ TTz.25[p(.);a(.)] (C10)

with the rate function of Eq B20

N
Laslp(a () =Y |T] 2

a;i(..; Si—1; i1, ) ln( a? (.., Si—1; Sit1, ) )
2 4wj_(51—1)p(7 Si—17 =+, Si-‘rl? )wz_(Sl—l)p(v Si—17 ) Si+13 )
—a; (.., Si—15 Sig1, ) + wi (Si—1)p(e, Sic1s +, Sig1s -, ) + i (Si—1)p(-., Siz1, =, Sig1, --)] (C11)
3. Application of Level 2 in the space of the 2 configurations of the random soft East model

Finally, the Level 2 for the empirical density alone of Eq. B24

PRI, o _ (Z > ol _1>6—szw<-n 1)

involves the rate function at Level 2 of Eq. B23

N 2

L= S [\/wj(si1)p(..,5i17+,Si+1,..7)—\/wi(5i1)p(..,SZ~1,—,SZ-+1,..) (C13)

i=1 | ki Sp==%

Appendix D: Random Soft East Model : Contraction of the global Level 2.25 towards the local Level 2.25

In this Appendix, we describe the explicit contraction from the Level 2.25 of Eq. C10 in the space of the 2V
configurations of the random soft East model towards the Level 2.25 for the local densities and the local activities, as
given by Eq. 31 of the main text.

1. Local empirical observables from global empirical observables in the space of the 2" configurations

17

The empirical 2-spin density p; " Si-15i of Eq. 17 can be obtained from the configuration empirical density p(S1, ..., Sn)
of Eq. C1 by summing over the ( — 2) other spins n # (i — 1,1)

i =[S ]| T X s o)

n=185,=+ p=i+1 Sy,=%

Similarly the local empirical activities a;(S;—1) of Eq. 23 can be obtained from the configuration activities
a;(S1,..,8i—1;Si+1,..,5n) of Eq. C7 by summing over the (N — 2) other spins n # (i — 1,1)

a;(S;—1) = lH Z] H Z Si—1;8i11,-) (D2)

n=1S5,=+ p=i+1S,=%
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2. Contraction of the global Level 2.25 with constraints fixing the local empirical observables

In order to optimize the rate function at Level 2.25 of Eq. C11 over the configuration empirical density p(Si, ..., Sn)
and over the configuration empirical activities a;(..,S;—1;Si+1,..) in the presence of the constraints of Eq. D1 and
Eq. D2, we consider the following Lagrangian involving the Lagrange multipliers [wf_fl, Ai(£)] fori=1,..,N

Tlp(.);a.()] =ITz2s]p +Z Z Zwtlllts 1’11LS [H Z] H Z p(S1, ..., Sn)

i=185;_1=+S;==+ n=18,=+ p=i+1S,==%
N 1—2
+Z Z )\1(52_1) ai(Si_l)— [H Z‘| H Z z 13 z+1>--) (D3)
=18, 1=+ n=1S5,=+ p=i+1S,=%

The explicit rate function at Level 2.25 of Eq. C11 yields

N
a _ ai(..7Si_1;Si+17..) n a?(..,si_1;5i+1,..)
T[p(.), ()] Z H Z { 2 ! (4’11);_(51‘—1),0(“7Si—la‘f'aSi-i-h--)wi_(Si—l)p(n,Si—l,—,Si+17--)>

i=1 | ki Sp==+
=i (eey Siz1; i1 ) + w0 (Siz1)p(eey Siz1, +, Sias - ) + w5 (Siz1)p(eey Siz1, —, Sigas )

+Z PP IR vl Vieve [H Z] H S| oS, Sn)

i=18;_ 1=+ S;=+ n=185,=+ p=i+1S,==+
N i—2

A A [as) - [H z] S oSS
i=18;_1==+ n=1S5,==+ p=i+1 Sp—:t

The optimization of this Lagrangian over the configuration activities a;(.., Si—1; Si+1, .-)

0= IMp()ia.()]  _ 1 ( ai (.., Si—1;Sit1,..) )
Oa;(.., Si—1; Siv1,..) 2 4w (Si—1)p(.; Sic1, +, Sig1, - Jw; (Si—1)p(rs Sic1, =, Sig1, )

leads to the optimal values

— Ai(S;—1) (D5)

a;’pt(“’ Sifl; Si+la ) _ 26&(51'71) \/wj(siil)p(,., Si,h -+, Si+1, )w; (Si,l)p(..7 Sifl, -, Si+1, ) (DG)

where the Lagrange multipliers A;(S;_1) have to be chosen to satisfy the corresponding constraints of Eq. D2

1—2
i) :[H z] 3| s

n=15,=+ p=i+1S,=%

= 26’\i(s"*1)\/w;r(Siq)w;(5i71)Di(Si71) (D7)

where we have introduced the notation

Di(Si—1) = lf[ Z] H S V(s Sica,+,Siv1, )p(s Sic1, =, Siga, ) (D8)

n=1S,=+ p=i+1 S,=%

The optimal values of Eq. D6 can be thus rewritten as

\/p(7 Si—h =+, Si+1a )p(7 Si—h B Si+1? ) (Dg)
D;(Si-1)

aP' (.., Si—1; Siy1, ) = ai(Si—1)

The optimization of the Lagrangian of Eq. D4 over the configuration density p(S1, ..., Sn)

9T[p(.); a.()] Z
S A AN _ ; S-l,Si
0= Op(S1, ) 2,0(517 ;az Si—13Si41, - —i—Z( —w; ') ) (D10)

ceey
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yields that the optimal values p°P*(Sy, ..., Sn) have to satisfy together with the optimal values a;-)pt(..7 Si—1;Si41s--)
of the activities of Eq. D9

N opt ) . Q.
0= |-% ("’SZ1’S’+1"')+(wfi(si1)—&1‘lfsi)popt(sl,...,sN)] (D11)

9 1—1,1
i=1
The simplest way to satisfy this equation for the sum of NV terms is to impose the vanishing of each term fori =1,.., N

0 _ 7afpt(.., Sifl; Si+17 )
2

1—1,2

- (wF(Sim1) = W) o (S, o, ) (D12)

The summation over the spins Sy = £+ for k =1,..,i —2 and k =i+ 1,.., N yields using the constraints of Eqs D1
and D2

a; Si, ) e .

UEICY 5 ) (wf’(Si,l) wi ) i (D13)
so the Lagrange multipliers wf ’11’5 that modify the true rates wisi(Si_l) to produce the effective rates
(wf"(Si_l) wzs’llls ) can be computed from the ratios

. Si 1,5 a;(S;—
(w5 (Sim) — ¥y ) = LlBt). (D14)
2pi 70
Eq. D12 then yields the optimal density
s @ (e Sic1; Siva, -
pOpt(Sl,-.-,SN):p5171751 a; ( 3y Pi—1y Pi+1, ) (D15)

i—1,1 az’(sifl)
that can be plugged into Eq. D8 to obtain with the use of the constraint of Eq. D2

i—2
3|1 3 |vrts s s s

n=185,=+ p=i+1S,==%

D;(Si-1)

Si—1,+ Si—1,—

i—2
= plallz Pi— 1,2 [H Z] H Z Opt Z 1,Si+1,.,):

n=1S5, =+ p=i+1S,=%

Si—1,+ Si
Pi— 111 Pi— 111 (DIG)

so that the Lagrange multipliers A;(S;—1) of Eq. D7 reduce to

Ai(Si—1) = ai(Si-1) =—In @i (Si-1) ) (D17)

— - i—1,+ Si—1,
2\/w;_(si—1)wi_ Si— 1)pz7llz+pf7llz 2 <4w1+(521)w7 (Si- 1)/)1 111 Pi— 111

The optimal value of the Lagrangian of Eq. D4 corresponding to the optimal solution [p°P(.); a°Pt(.)] satisfying the
constraints reads using Eq. D17

TP = T[pP"(.); aP*(.)] (D18)
_ Z H Z a? (o, Si1;Sit1, ) In [ (.., Si1; Sit1, )]
i=1 | ki Si= 2 4w (Si—1)pP! (.., Siz1, +, Sivr, - Jwi (Si—1)poPH (s Siz1, =, Sit1, )

N
+Z H Z |:_a?pt("7Si—1;Si+17") +wrj_(Si—l)popt("?S’i—17+7S’i+17“7) +wi_(Si_1)pOpt(..7Si_17—7Si+1,,,):|

= Z Z [ai(si—l)/\i(si—l) —a;(Si—1) + w; (Si— 1):011111+ + w; (Si- 1)9111117}

N
ai(Siq) 02(51 1) + + _
= In — | = ai(Si—1) + wi (Si1)pi qtw (Sie e 0
Z Z [ 2 <4w’j_(sz_1)wz_(sl 1)pz7llz+p;s7llz ! !
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This optimal value Y°P* corresponds to the rate function I325[a. (.); p:] at Level 2.25 for the local activities a;(S;—1)

z 17SZ

and the local densities p;" as given in Eq. 32 of the main text.

TP = Iy a5(a (.); 0] (D19)

.

Appendix E: Pure Soft East Model : Contraction of the global Level 2.25 towards the local Level 2.25

In this Appendix, we describe the explicit contraction from the Level 2.25 of Eq. C10 in the space of the 2V
configurations of the pure soft East model towards the Level 2.25, for the empirical time-space-averaged densities and
activities, as given by Eq. 81 of the main text. This contraction is very similar to the contraction described in the
previous Appendix.

1. Empirical time-space-averaged observables from observables in the space of the 2V configurations

The empirical time-space-averaged density p°t+° of two consecutive spins (Sg,S) of Eq. 71 can be obtained from

the configuration empirical time-averaged density p(Si,...,Sn) of Eq. C1 via
RS m Szj S51v5.05.5 (51, %) )

Similarly the empirical time-space-averaged activity a(Sy) of Eq. 77 can be obtained from the configuration
empirical activities a;(S1, .., Si—1; Sit+1, .., Sn) of Eq. C7 via

| N[t N
- NZ lH ] H Z 65:‘—1,SL ai(-'7si71;si+17..) (EQ)

i=1 Lln=18,=4] |p=i+15,=+

2. Contraction of the global Level 2.25 with constraints fixing the time-space-averaged observables

In order to optimize the rate function at Level 2.25 of Eq. C11 over the configuration empirical density p(S1, ..., Sy)
and over the configuration empirical activities a;(.., S;—1; Si+1, ..) in the presence of the constraints of Eq. E1 and Eq.
E2, we consider the following Lagrangian involving the Lagrange multipliers [w®®; \(£)]

N N
T 0] = e O+ 3 3w (550 =3T3 [ utis ot )

=+ S=+ i=1 ln=18,=+

N
+ Y AMSL) [ Na(Sp) - Z lH Z] II D | 0sivse @il Sicas Siva, ) (E3)
Sp==+

i=1 n=18,=+] [p=i+15,=%

The explicit rate function at Level 2.25 of Eq. C11 yields

N
a;(.., Si—1; Sit1, ) < a?(..y Si—13 Sit1, )
Yip();a. ()] = E 1 L
[p(-);a.()] }: H { 2 n 4wt (S;—1)p(.y Siz1, +, i1, -)w = (Si—1)p(.y Siz1, = Sit1,

i=1 | ki Sp==%

+
N Ti-1 N
+ Z A(Sp) | Na(Sp) — Z lH 1 [H Z 08,_1,81 @il..; Si—1;Six1,-.)
Sp—+

p=i+1S,=+

5)
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The optimization of this Lagrangian over the configuration activities a;(..,Si—1; Sit+1,-.)

_ (’9T[ (a()] 1 0 < a7 (- Si—1; Sit1, --)
dai(..,8i-1;Siy1,..) 2 4wt (Si—1)p(.; Si—1,+, Sit1, - )w™ (Si—1)p(-e; Si—1, =, Siy1, --)

leads to the optimal values

0=

) ~A(Si_1) (E5)

afpt(.., Si—l; Si+17 ) = 26’\(Si*1)\/w+(5i_1)p(.., Si—l, +, Si+1, ..)wf(Si_l)p(.., Si—l; — Si+1a ) (EG)

where the Lagrange multipliers A(Sy) have to be chosen to satisfy the corresponding constraints of Eq. E2

N
S1) N Z [H Z ] H Z 08,_1,51 a?pt(--vsi—ﬁsi-i-lv")

n=1S,=% p=i+1S,=+

= 2e M50\ /wt (S )w=(SL)D(SL) (ET)
where we have introduced the notation

N
D(SL) = + lH Z] H Z \/p(--Si—Q,SL7+7Si+la'-)p("7si—27SL7_’Si+1’") (E8)

n=1Sp,=+| |p=i+1S,=%

The optimal values of Eq. E6 can be thus rewritten as

a(‘)pt(“, Si—l; Si+1, ) _ a/(Si—l) \/p(7 Si*h +7 Si+17 )P(7 Si*h ) Si+1a )

E9
Z D) (E9)
The optimization of the Lagrangian of Eq. D4 over the configuration density p(Si, ..., Sn)
Y [p(.);a ()] N N . o
0: == a’L ’L ) 1 PR + w=r Si— — i1l EIO
dp(S1; -, SN) 2p(51,..., ; 15 Sit1; ) ;( (Si-1) ) (E10)

yields that the optimal values p°Pt(Sy, ..., Sn) have to satisfy together with the optimal values aOPt( 5 Sim1; 8041, )
of the activities of Eq. E9

opt

N
z aSi e i i i o
= Z [ 21 ) + (w5 (Sim1) = w15) (S, .., Siy) (E11)

The simplest way to satisfy this equation for the sum of IV terms is to impose the vanishing of each term fori =1,.., N

th . Si_ Sz .-
0— _(12 ( y 217 +1, ) + (wSi(Si—l) _ wSi_l,Si) pOPt(Sl’ -~-,SN) (E12)

Let us apply the sum (% Zf\il [Hivzl anzi} 08, 1,51 65“3) to Eq. E12 in order to be able to use the constraints

of Eqs E1 and E2

L N[N as(Seo) .
NZ [H Z 05,-1,5.05,,5 [ 5 + (wSi(Siq) — WSi-18 )p7zl17,
=1 n=1 :
— _a(2L) (WS (Sp) — wSeS) pSess -

So the Lagrange multipliers w2+ that modify the true rates w®(Sr) to produce the effective rates (wS(SL) — wSL’S)
can be computed from the ratios

a(St)
2pSL S

(wS(S’L) - wSL’S) = (E14)
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Eq. E12 then yields the optimal density

opt .
opt — Si—1,5: a; ("’ Si—l, Si+1, ) -
P SN = a(Si—1) (E15)

that can be plugged into Eq. E8 to obtain with the use of the constraint of Eq. E2

N [i—-2
= %Z [H Z ‘| H Z \/,OOpt i— 2,SL,+ Sl+1, ..)pOpt(..7Si,2,SL7—,Sprl, )

i=1 [n=1S,=% p=i+1 Sp,==%

WZ HZ] H S| 6 (S S, ) = VS (E16)
TR P p=it1S,==

So the Lagrange multipliers A\(S,) of Eq. E7 reduce to

. a(S1) 1y a*(S1)
A= <2\/w+(SL)w(SL)pSL,+pSL»> B 21 (4w+(SL)U’_(SL)PSL’+PSL’_> (=17

The optimal value of the Lagrangian of Eq. E4 corresponding to the optimal solution [p°P!(.); a®P*(.)] satisfying the
constraints reads using Eq. E17

T = Y (s ()]

opt

:i H Z { Si—1;Si41, ) 1n< (aS%(.., Si1; Sit1,..))? )
- 2 4wt (S;21)p°P(.., Siz1, 4, Sit1, . )w = (Si—1)p°Pt(.., Siz1, —, Sit1,..)

—a(.’pt(.., Sifl; Si+1, ) + w+(5’i,1)p°pt(.., Sifl, +, Si+1, .ey ) —|— w_(Sifl)pOpt(.., Sifl, —, Si+1, ):|

N
= A(SL) Z [ H Z ] a?(..Si—2,S1; Sit1,..) — Z L#l_[ )SZ:J al? (.., Si—2,SL; Sit1,..)
i—1,i) Sp=

Sp=+ i=1 | k#(i—1,i) Sp== Sp=4 i=1
+ Z Z H Z |: Opt(..,Si_z,SL,+,Si+1,..,)+w_(SL)pOpt(..,Si_Q,SL,—,Si+1,..):|
Sp=+i=1 [k#(i—1,i) Sp=
_ a(Se) a”(5L) _ + T opt q
_sti { 5 In (4w+(SL)w—(SL)pSL’+pSL’— a(Sr) +w" (SL)p +w™ (SL)p”™ (S, —) (E18)
=

This optimal value T°P! allows to recover the rate function Z, s[a(.); p*] with respect to the space-time volume
(NT) at Level 2.25 for the empirical time-space-averaged activities a(+) and the local time-space-averaged densities
p315 as given in Eq. 82 of the main text

TOpt = NI2.25[Q(.);p"‘] (Elg)
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