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Nonequilibrium diffusion processes via non-Hermitian electromagnetic quantum mechanics

with application to the statistics of entropy production in the Brownian gyrator
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The nonequilibrium Fokker-Planck dynamics in an arbitrary force field f(®) in dimension N is revisited
via the correspondence with the non-Hermitian quantum mechanics in a real scalar potential V (X) and in a
purely imaginary vector potential [—iA(%)] of real amplitude A(%). The relevant parameters of irreversibility
are then the W magnetic matrix elements B,,,(X) = —B,,,(X) = 0,A,,(X) — 9,,A4,(X), while it is enlightening
to explore the corresponding gauge transformations of the vector potential A(X). This quantum interpretation
is even more fruitful to study the statistics of all the time-additive observables of the stochastic trajectories,
since their generating functions correspond to the same quantum problem with additional scalar and/or vector
potentials. Our main conclusion is that the analysis of their large deviations properties and the construction of
the corresponding Doob conditioned processes can be drastically simplified via the choice of an appropriate
gauge for each purpose. This general framework is then applied to the special time-additive observables of
Ornstein-Uhlenbeck trajectories in dimension N, whose generating functions correspond to quantum propagators
involving quadratic scalar potentials and linear vector potentials, i.e., to quantum harmonic oscillators in constant
magnetic matrices. As simple illustrative example, we finally focus on the Brownian gyrator in dimension N = 2
to compute the large deviations properties of the entropy production of its stochastic trajectories and to construct

the corresponding conditioned processes having a given value of the entropy production per unit time.
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I. INTRODUCTION

A. On the various links between diffusion processes
and quantum mechanics

1. Link between the Brownian motion and the Euclidean
quantum mechanics for a free particle

For the Brownian motion in dimension N, the probability
P(%, ) to be at position X at time ¢ satisfies the heat equation

N
- 1
2pr2 ) — 2p(2
V°P(X,t) = 3 E 0,P(x, 1),

n=1

1 1
4P, = S APE.0) = >

(D

which involves the Laplacian A = V2 built from the spatial
derivatives 9, = % with respect to the N coordinates x, for
n=12,.N. The heat Eq. (1) corresponds to the Euclidean-
time t = i# version of the quantum mechanics for a free
particle, where the amplitude ¥ (X, 0) to be at position X at
time 6 satisfies the free Schrodinger equation that involves
only the Laplacian

0P (X,0) = —3 AY (X, 0). )

This correspondence at the level of generators is of course
even more powerful at the level of Feynman path integrals for
trajectories [1]. It is thus very natural to extend this analogy as
much as possible by considering the Euclidean-time quantum

2470-0045/2023/107(1)/014101(51)

014101-1

mechanics for a particle in an electromagnetic potential (see
the reminder in Appendix A), with the various special cases
recalled in the next subsections.

2. Similarity transformation between detailed-balance diffusions
and supersymmetric quantum mechanics

As described in textbooks [2—5], the generator of a Markov
processes satisfying detailed-balance can be transformed via
a similarity transformation into an Hermitian operator, with
the very important spectral consequences. For the simplest ex-
ample of a diffusion process of diffusion coefficient D = 1/2
converging toward the normalizable steady state P*(X) that
can always be rewritten in terms of some function ¢(X) in the
exponential

P*®) = P*(0)e D, (3)
the corresponding Fokker-Planck dynamics
PR, 1) = —V.(PE Of® — iVPE, 1)) @
satisfying detailed-balance involves the force
Fo@ = 3VInPr @) = ~Vo(@). (5)

The similarity transformation

P, 1) = /P*@YE 1) = P(0) e *DyE, 1)  (6)
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transforms the Fokker-Planck Eq. (4) into the Euclidean
Schrodinger equation for v (X, t)

WYX, 1) = —HY (X, 1), (7

which involves the well-known Hermitian quantum super-
symmetric Hamiltonian H (see the review [6] and references
therein)

H=H" =3[-V+ VNIV + (Vo@)]
= 1A+ V@), ®)
with the very specific form of the scalar potential
VE =3 (V@ — Ap(@), ©)
while the quantum-normalized zero-energy ground state reads

YE® = VPR = Pr(0) e 7. (10)

J

3. Feynman-Kac formula to analyze the time-additive
observables of the stochastic trajectories

The standard method to study the statistics of the time-
additive observables of Markov trajectories is the introduction
of the appropriate deformations of the Markov generator.
This approach goes back to the famous Feynman-Kac for-
mula [1,7-10] introduced to analyze any observable O[X(0 <
s < t)] of the Brownian trajectory X(0 < t < t) that can be
parametrized by some scalar field V!©!(¥) and by some vector
field A'°(%) in the Stratonovich interpretation

O[O0 < 7 <1)] =/ dr[-VIO&(1)) + #(1).AC & ()]
0
(11

Its generating function Z*!(%, |3, 0) of parameter k over the
Brownian trajectories X(0 < s < t) starting at X(0) = ¥ and
ending at X(t) = X can be written as the Feynman path inte-
gral,

ZM(x, 113, 0)

(r=0)=§

which corresponds to the Euclidean quantum propagator
- _tH[k] - . h 1 .
(X|e |X) associated to the Hamiltonian

HY = LV — kAN @) + kv ®)
= =iV + kAP @ +kv9@).  13)

Since one is usually interested in real observables O[X(0 <
7 < t)] parametrized by real fields VI©!(¥) and AlOI(®), it is
useful to distinguish the three following cases:

(i) If A9(%) = 0 in the additive observable of Eq. (11),
then the Hamiltonian of Eq. (13) is Hermitian

HE = HE = —IA +kVI9R) (14)

and involves only the scalar potential (kVC1(%)).

(i) If VIOU®) = 0 in the additive observable of Eq. (11),
then it is possible to consider instead k = ig with real g to
transform the generating function of Eq. (12) into the char-
acteristic function of the observable O[X(0 < t < 1)] for the
Fourier parameter g. Then the Hamiltonian of Eq. (13) is
complex but Hermitian

k=il — ('71_[[k=iq])+ — _%[% _ iqA’[O](%)F

= 1[-iV - gA9®1 (15

and involves only the real vector potential (qA[o] (X)) from
the quantum point of view. Let us mention that while the
Feynman-Kac formula is often described only for the scalar
potential case of Eq. (14), its application for the vector
potential case of Eq. (15) plays a major role to take into
account topological constraints in the context of polymer
physics [11,12] and to analyze the winding properties of
Brownian paths [8,13-18].

F(r=1)=% R Olrar i3 F1OI(s
/ D)'C'(-L-)e_ Jo dT 524k [y dTt[-VICNE(T))+x(7).AC(F(1))] = <)?|e—t7'l[k] W)
X

SMI(E(1) — X)ekOFOTNIEM[F(0) — y]

) (12)

(iii) For the general case of an additive observable of
Eq. (11) where both fields VI(%) # 0 and Al®V(%) # 0 are
nonvanishing, it is clear that the Hamiltonian of Eq. (13) is
different from its adjoint,

HE £ HI = L[V + kA @) + VIO (F)
= =iV — kAN @) + kVI€®),  (16)

and it corresponds to the quantum problem with the real scalar
potential kV!©1(¥) and the purely imaginary vector potential
(—ikAl©)(%)), described in Appendix A around Egs. (A19)
and (A20).

It is also important to stress that in the field of large
deviations discussed in the next subsection, even for the
case (ii) discussed above, it is standard to consider only the
generating function Z¥1(x, ¢|§, 0) for real k, and not the char-
acteristic function corresponding to k = ig with real ¢, i.e.,
it is usual to work with the real non-Hermitian Hamiltonian
HK £ (H*1) instead of the complex Hermitian Hamiltonian
HIk=ial — (Hk=ial)T of Eq. (15).

B. Large deviations properties for trajectory
observables of Markov trajectories

The theory of large deviations (see the reviews in
Refs. [19-21] and references therein) has become the unifying
language in the field of nonequilibrium processes (see the re-
views with different scopes [22-30], the PhD theses [31-36],
and the Habilitation thesis [37]). In particular, the approach
based on the deformed Markov generators recalled above
has been used to analyze the statistics of many interesting
additive observables of various Markov processes over the
years [22,27-30,32,37-78]. While the large deviations proper-
ties of all types of Markov processes are of course interesting,
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the following summary is restricted to the case of Markov
processes converging toward a steady state.

1. Rate functions 1(0) and scaled-cumulant-generating-functions
E (k) of time-additive observables

Since a time-additive observable O[X(0 < s <t)] of a
Markov trajectory X¥(0 < s < ) is extensive with respect to
the duration ¢, it is useful to introduce its rescaled intensive
counterpart,

70 <s <= QEOSSSOL g9
t t—+00

which will converge for t — 400 toward the steady value o*
that can be computed from the steady state properties. For
large ¢, the fluctuations around this steady-state value o* are
described by the following large deviations form for the prob-
ability P, (o) to see the intensive value o over the time-window
t:

P(o) =~ 'O, (18)

=400
The positive rate function /(o) > 0 vanishes only for the
steady value o* where it is minimum,
0=1(0") =1(0"). (19)
For large time ¢t — +o0o, the generating function
ZK(%, 1|9, 0) rewritten as Euclidean Schrodinger propagator
associated to some Hamiltonian H¥! [as in the example of
Eq. (12) for Brownian trajectories] will display the asymptotic
behavior
ZWE 15,0 = ®le ™) =
f—>+00
where E (k) is the ground-state energy of the Hamiltonian
HM while r(.) and I;(.) are the corresponding positive right
and left eigenvectors,

E()r (%) = H¥re(3),

e ERR@LG), (20)

E()(E) = H" @), @)

with the normalization
/ AV [[(B)r(®) = 1. (22)

For k = 0 where the generating function reduces to the propa-
gator P(X, t|y, 0) of the Markov process that converges toward
the steady state P*(x) for any initial condition y,

M@ 15, 0) = PR3 0) = e FOn@iG)

—+00
= P*(x), (23)

the ground-state energy vanishes E(k = 0) =0, while the
right eigenvector corresponds to the steady state ry—o(X) =
P*(X) and the left eigenvector is trivial [;—o(¥) = 1,

E0)=0, rn@@ =P, L=1 (24)

The consistency between the asymptotic time behavior of
Eq. (20) and the large deviation form of Eq. (18) via the
saddle-point evaluation for large ¢,

(ek(’)[}(og‘vgz)b — (ekto[f(()Ssgt)b = / dOektOPl (0)

~ doet[ko—](o)] ~ e—tE(k)
t—400 t—400 ’

(25)

yields that the ground-state energy E(k) is the scaled-
cumulant-generating-function and corresponds the Legendre
transform of the rate function /(0),

ko—1(0)=—Ek), k—1(0)=0. (26)
So the reciprocal Legendre transform,
ko+ E(k)=1(0), o+E'(k)=0, (27)

allows us to compute the rate function /(o) from the knowl-
edge of the energy E (k). In particular, the steady value o*
satisfying Eq. (19) is conjugated to the value kK = 0 and thus
corresponds to the first-order perturbation theory in k of the
ground-state energy E (k) around E(k = 0) = 0 in Eq. (27),

0" = —E'(k=0). (28)

Once one has elucidated the large deviations properties of the
observable via its rate function /(o), it is often interesting
to analyze the rare Markov trajectories that have been able
to produce a given anomalous value o # o* different from
the steady value o* via the notion of canonical conditioning
recalled in the next subsection.

2. Canonical conditioning of parameter k based on
the generating function Z¥\(¥, t|y, 0)

As explained in detail in the two complementary pa-
pers [55,56] and in the Habilitation thesis [37], the canonical
conditioning of parameter k based the generating function
ZM(%, 1|9, 0) that is summarized below becomes equivalent
in the large-time limit #+ — +oo with the microcanonical con-
ditioning that would impose the Legendre value 0 = —E’'(k)
of Eq. (27) for the intensive observable o. The idea is that
for each value k, one introduces the conditional probability
PCondikl (7 1) to be at position 7 at the internal time 7 €]0, ¢,

ZM&, 11z, ZME, 713, 0)

PCOnd[k] —>7 ) = , 29
& ZRGE. 117, 0) @

which is normalized over 7 at any time t,
/ dNz Pen(z o) = 1, (30)

and that satisfies the boundary conditions at times v = 0 and
T =1,

pCondiklz ¢ — 0) = sMz — ),
PCond[k](Z’ T=1t)= 8(N)(Z —X). 3D

For large time ¢t — 400, the conditional probability
PCondlkl(z ) of Eq. (29) at any interior time 7 satisfying
0 < t Kt can be evaluated from the asymptotic property of
Eq. (20) for the three involved generating functions,

e~ DER 1 (3)1, (R)e TED 1 ()1 ()
e E®r (X)L (F)
= L@)r(@) = Perdiinen), - (32)

PCOI‘Id[k] (Z T ) ~
. =~
[Se25G

to obtain that it does not depend on the interior time t and that
it reduces to the product of the left eigenvector /;(7) and the
right eigenvector r¢(7) of Egs. (21) and (22). The knowledge
of the left eigenvector [;(Z) is then necessary to construct

014101-3



ALAIN MAZZOLO AND CECILE MONTHUS

PHYSICAL REVIEW E 107, 014101 (2023)

the generator of the conditioned process that has Eq. (32) as
steady state (see Sec. III D of the main text for more details).

This canonical conditioning of parameter k in the large-
time limit # — +o0 is thus a huge simplification with respect
to the finite-time Doob process conditioned to end at the given
position x(¢) = x and at the given value O[X(0 < s <1)] =
O of the additive observable, whose construction requires the
knowledge of the finite-time joint propagator P(X, O, t|y, 0, 0)
and produces time-dependent generators, as described for the
various examples studied recently [79-83].

C. Goals of the present paper

In the present paper, the main goal is to analyze the
statistics of time-additive observables of Eq. (11) when the
diffusion process X(¢) satisfies the Langevin stochastic differ-
ential system involving the N independent Wiener processes
wy (1),

dx,(t) = fu(X()) dt 4+ dw, (1), (33)

where the space-dependent force f (X) ensures that the
corresponding Fokker-Planck dynamics for the propagator
P(x,ty, 0) [i.e., the probability distribution to be at X at time
t when starting at y at time t = 0],

N
PR, 1l,0)=—) 0, (mx)P(x, {15, 0)— S0P, 117, 0>)

n=1

= —HPQ&, 1, 0), (34)

converges toward some normalized steady state P*(X). The
interpretation of the Fokker-Planck Eq. (34) as an Euclidean
Schrodinger equation involves the non-Hermitian quantum
Hamiltonian H # HT,

H=V-(—3V+[®)=—3V +/®)-V+I[V-fE)]
H =-(IV+f®) V=-1V-f@ V. (35)

This Hamiltonian H can be rewritten as an Euclidean
non-Hermitian quantum Hamiltonian involving a real scalar
potential V(X) and a purely imaginary vector potential
[—i/f()'c')] of real amplitude X(?c), that we have already encoun-
tered in Eq. (16) of the Introduction and that is discussed in
details around Eq. (A19) of Appendix A,

H=—3(V-A®)P+V®
= —IV2+A®).V+LVAR) - 1A22@) + V@),
H = LT +A®) + V@)

where the vector potential A(X) coincides with the force f X,
A®) = f®),

while the scalar potential V (X) involves both the divergence
[V. f(@)] and the square fz()'c’) of the force

V.F®]+ 2@
e

(37

VX)) = (38)

Equivalently, the path integral for the propagator P(X, t|y, 0)
associated to the Langevin system of Eq. (33),

X(t=t)=X

P, t]5,0) = / Di(r)e h dTLEDI@N. (39)

Hr=0)=y

involves the classical Lagrangian
. 1. - 1 - -
L(X(1),X(1)) = 5[76(?) — fGE)P + E[V.f()?(f))]
1., S0 N e
= 7%(1) = X().f(3(7))

FAE@) + [V.fE(1))]
2

+

(1) = X(1).AG(T)) + V(E(1)). (40)

N =

The last rewriting in terms of the vector potential A(%) of
Eq. (37) and of the scalar potential V (X) of Eq. (38) corre-
sponds as it should to the Euclidean classical electromagnetic
Lagrangian of Eq. (A10) discussed in detail in Appendix A.
Please note that from now on, we will use the shorter name
“the vector potential A(%)” and not “a purely imaginary vector
potential [—iA(%)] of real amplitude AR anymore.

In the present paper, our main goal is to describe all the
advantages of this non-Hermitian electromagnetic quantum
interpretation, both for the diffusion process X(¢) itself to
characterize its irreversibility, and for all its time-additive
observables of Eq. (11). This general framework will be then
applied to Ornstein-Uhlenbeck processes that are well-known
for their explicit Gaussian finite-time propagators and steady
states described in textbooks [2—4], but that have nevertheless
been reconsidered over the years to study specific problems
like diffusion in a real magnetic field [84], as well as to
address the new issues raised by the progresses in the field of
nonequilibrium. It will be thus interesting to consider first the
general case in arbitrary dimension N studied in Refs. [85,86]
with various applications to spin models and electrical arrays
described in Ref. [86], and then the specific model of the
Brownian gyrator in dimension N = 2 that has attracted a lot
of interest recently [§7-96] as the simplest model that is main-
tained out-of-equilibrium by two reservoirs at two different
temperatures.

D. Organization of the paper

The paper is organized as follows. In Sec. II, we stress
that the relevant irreversibility parameters of the diffusion
are the corresponding magnetic matrix elements B, (X) =
—By(X) = 0,A,,(X) — 9,A,(X) and we describe the gauge
transformation of the vector potential A(¥) based on the
decomposition of the force f (X) into its reversible and ir-
reversible contributions. In Sec. III, the generating function
of an arbitrary time-additive observable of the stochastic
trajectories is studied via the corresponding quantum prob-
lem with additional scalar and/or vector potentials, to show
that the analysis of its large deviations properties and of
the corresponding Doob conditioned process can be drasti-
cally simplified via the choice of the appropriate gauge. This
general framework is then applied to Ornstein-Uhlenbeck-
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processes in dimension N in Sec. IV and to their quadratic
trajectory observables in Sec. V, where the corresponding
quantum problems involve quadratic scalar potentials and lin-
ear vector potentials, i.e., to quantum harmonic oscillators in
constant magnetic matrices. Finally, in Sec. VI, we consider
the Brownian gyrator in dimension N = 2 to characterize the
statistics of the entropy production of its stochastic trajecto-
ries. Our conclusions are summarized in Sec. VII. Various
Appendices contain complementary material or more techni-
cal computations.

II. MAGNETIC MATRIX AND APPROPRIATE GAUGE
FOR THE IRREVERSIBILITY

In this section, we describe the advantages of the inter-
pretation of the Fokker-Planck generator of Eq. (34) as the
non-Hermitian quantum Hamiltonian of Eq. (36) to character-
ize the irreversibility of the diffusion.

A. The antisymmetric magnetic matrix B,,,(X) = —B,,,(X)
as the relevant parameters of irreversibility

In arbitrary dimension N, the magnetic “field” corresponds
to the the antisymmetric matrix By, (X) = —B,,,(X) that can
be computed from the vector potential A(R) of Eq. (37) via the
formula generalizing the three-dimensional curl,

Bnm(jé) = _an()_é) = 8nAm()_C)) - amAn()_é)
= anfm()_é) - amfn(}_é)’ (41)

and that is invariant under gauge transformations of the vector
potential A(%). It is then essential to distinguish two cases:

(i) When the magnetic matrix identically vanishes B(X) =
0, then the vector potential AR) = f (X) of Eq. (37) corre-
sponding to the force f (X) can be written as the gradient of
some function ¢ (X),

when BE) =0: AR = f(®) =-VoX), (42
and one recovers the detailed-balance dynamics of Eq. (4).
Then the standard similarity transformation of Eq. (6) that
transforms the Fokker-Planck generator into the the Hermitian
quantum Hamiltonian of Eq. (8) without any vector potential
can be reinterpreted, in the non-Hermitian electromagnetic
quantum language, as the gauge transformation from the
initial vector potential AR) = —%qb(fc) into the new vector
potential that identically vanishes.

(ii) When the magnetic matrix does not vanish B(X) #
0, then the corresponding vector potential A(X¥) cannot be
completely eliminated by a gauge transformation anymore.
To see more clearly that the w independent matrix ele-
ments B,,,(¥) are then the relevant intrinsic parameters of the
model that characterize the irreversibility of the nonequilib-
rium Langevin dynamics, it is useful to consider the gauge
transformation from the initial vector potential A(%) to the
new vector potential that will only contains the irreversible
contribution of the force.

B. Decomposition of the force f()'c) = fre"(f) + f‘"()‘c')
into its reversible and irreversible contributions

For irreversible diffusions, it is convenient to continue to
parametrize the steady state P*(X) by the function ¢(X) in the
exponential as in the reversible case of Eq. (3),

P*(®) = P*(0)e 29, (43)

The stationary Fokker-Planck Eq. (34),
0=-V.[Pr@®FE) — IVP®] = -V.J'®), @4
means that the steady current J*(¥) associated to the steady
state P*(X),
@ =P ®FE) - 1 VP@)
= P*®)[f@) — 1VIn P ()]
= P*®)[f (%) + Vo®)], (45)

should be divergenceless. In the field of nonequilibrium, it is
then standard to decompose the force f X)) = f VX)) + fl" X)
into its reversible and irreversible contributions as follows:

(i) The reversible contribution f™¥(X) is the force already
written in Eq. (5) that satisfies the detailed-balance condition

@ = 3VP'®) = Vo (@), (46)
i.e., that would produce a vanishing steady current in Eq. (45),
Jev ) = 0. 47)

(i1) The remaining irreversible contribution of the force
@ =F® - o ® (48)

is then directly responsible for the steady current of Eq. (45)
via

T @) = P*@) ™). (49)

The vanishing divergence of Eq. (44) for the steady current
S,

JEE) = V(P @) (3))
(). VP*R) + P*E)(V.f7 @), (50)

0=

yields that the divergence of the irreversible force f‘"()'c’)
should satisfy

V. fT@) = —fT@) - VIn P*E)=2"F) - V(). (51)

Another way to take into account the vanishing divergence
of the steady current J*(X) amounts to introduce some an-

tisymmetric stream matrix V,,,(X) = —¥,,,(X) to write the
current components as
Ti®) = 0y tum (). (52)
m

This generalizes the standard property that a divergence-less
three-dimensional vector can be written as a curl. It is actu-
ally more convenient to use instead the antisymmetric matrix
obtained after the rescaling by the steady state P*(X),

I/Iilm (Xt ) —

- an (3_5), (53)
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to rewrite the irreversible force of Eq. (49) as
Jix)
P*(¥)

@) = == ( ) Z [P (%) (%)]

P*( ) ZQnm(x)B P (%) + Za Qi (%)

D Qun@)0n I P*E) + Y 0y Qi (X)

23 Q@) ®) + Y 9 (®).  (54)

C. Gauge transformation toward the vector potential
A (%) = firr (%) associated to the irreversible force

The decomposition of the force f (X) into its reversible and
irreversible components described in the previous subsection
translates into the following gauge transformation for the vec-
tor potential of Eq. (37):

%) = (&) = @) + @) = V(&) + (%)
= Vo) + A" (), (55)
where the new vector potential
A"(®) = (%) (56)

only involves the irreversible force fm(ic’) instead of the total
force for the initial vector potential AR) = f (X). The mag-
netic matrix of Eq. (41) associated to the total vector potential
of Eq. (55) can be then rewritten in terms of the irreversible
force f‘"()’c’) only,

Bun(®) = —B(®) = 3,AT (%) — 3,A (%)

= Oufy' () = 0 f," (D). (57)
The advantage of these magnetic matrix elements B,,,(¥) is
that they can be directly obtained via Eq. (41) from the force
f(X) that appears in the Langevin system of Eq. (33) defining
the model, while the computation of the irreversible force

fl”(ic') of Eq. (48) requires the knowledge of the steady state
P*(X).

D. Effect of the gauge transformation on the path-integral
representation of the propagator

The effect of the gauge transformation of Eq. (55) on the
path integral of Eq. (39) for the propagator can be analyzed
from the integral over time of the term involving the vector
potential in the Lagrangian of Eq. (40),

/ dtx(7).AG(T))
0
= /0 dti(r).[-VeE(r)) + AT (F(1))]
=— f dtd. (1)) + / dti(t).A™(%(1))
0 0

=¢(76(0))—¢(?6(t))+/0 drx(t). A" (F(r)). (58)

So the appropriate change of variable for the propagator of
Eq. (39) coincides with the standard similarity transformation
recalled in Eq. (6) of the Introduction,

P@,1]5,0) = D™ P(, 117, 0), (59)
and yields that the new propagator,
. X(t=t)=X . . .
PG, 115,0) = / Di(v)e” haTEROXE - (60)
X(t=0)=y
is governed by the new Lagrangian,
LE@), X)) = 58 (0) = X(O)ATE @) + V@), (61)

which involves the same scalar potential V (X) of Eq. (38) but
the new vector potential AT ().

The property of Eq. (51) allows us to simplify the scalar
potential of Eq. (38) using the decomposition of the force f x)
into its reversible and irreversible contributions

VE) = 1V @ + O+ L@ + @
[=Vo@E) + @]+ LH-VeE) + @)
=1 (V@ — Ap@) + L@ (62)

Since A" (%) = fl“()’c'), the Lagrangian of Eq. (61) can be
refactorized into

L@E(r), ¥(0)) = LE(@) — "GP
+ I {IVpEE) — ApE(T))). (63)

quj qu—i

E. Effect of the gauge transformation on the non-Hermitian
quantum Hamiltonian 7

The Euclidean Schrodinger equation of Eq. (34) for the
initial propagator P(X, t|y, 0) translates via the change of vari-
able of Eq. (59) into the following Euclidean Schrédinger
equation for the new propagator P(%, t|y, 0):

&P, 1y,0) = —HP&,1]3,0), (64)

where the corresponding Hamiltonian # obtained from
the initial Hamiltonian # of Eq. (36) via the similarity
transformation,

LV —A®) +V(E@)]e
= -2V - A"®)* + V@), (65)

= PO D = D[ —

involves the same scalar potential V (X) and the new vector
potential A" (X) as a consequence of the conjugation property

— [Vo@)]. (66)

Using Eq. (51), the expansion of Eq. (65) with the vector
potential A7) = S (X) and with the scalar potential of
Eq. (62) yields that the Hamiltonian 7,

H=—3V-F"®F+VE
= 1A+ 1{[Vp®T — Ap(F))
+ @)V 4+ @)V (E)
= Hrew + Hirrs (67)

HPOT¢®
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can be decomposed into the following reversible and irre-
versible contributions.

(i) The reversible contribution ?:lrev associated to the re-
versible dynamics when the irreversible component of the
force vanishes fl" (X¥) = 01n Eq. (67),

Hrew = =38+ 5 (V@ — Ag(@)},  (68)

corresponds to the well-known Hermitian supersymmetric
quantum Hamiltonian recalled in Egs. (8) and (9) of the In-
troduction,

Hrey = Hy\, = [ V 4+ (VoGN] - [V + (Vo))

=5 Z ;0. (69)

which can be factorized in terms of the N first-order differen-
tial operators Q, and their adjoints Q},

0n =3+ (3,0(%),  Of = =0, + (3,0(X)).  (70)
The product

Qan = [0, + (8,1(1)()_5))][3,” + (8m¢(7€))]
= 0,0 + (3$(X))3y + (0, 0nP (X))
+ (3,9 (X))0m + (02(X)) (P (X)) = 0nOn  (71)

yields that two annihilation operators Q,, and Q,, commute

[Qn, Ol =0 =10}, 0] (72)

and equivalently two creation operators Q) and Q! commute.
The comparison of the two products involving one creation
operator Qj; and one annihilation operator Q,,,

010 = [= 8 + B GEN[Bn + (Bnd ()]

~ 838 — (B (E)3 — (329, (X))

+ (3,9 E) + (32D (Fnp (X)),

[8 + B ENI[— 8, + (B,0(E))]

= 8,8 + By () + (In0pd(F)) — (Inp(¥))3,
+ (3 () (3,0 (3)), (73)

yields that the commutators involve the second derivatives of
the function ¢ (%),

[Oms O] = 0,0) — 010, = 2(8,0,0(F)).  (74)

(i1) The irreversible contribution in Eq. (67) can be rewrit-
ten in terms of the annihilation operators Q, of Eq. (70) as

0,0] =

N
Hie = [ ®) - [V + (VoD = Y i ®)Qs. (75

n=1

The adjoint operator 7—2;" reads using Eq. (51)

N N
=D 0@ =D [0 + @R

n=1 n=1

N
=D [T @8, — Guf"@®) + £ (0 (®))]

n=I

N
= > [ ®)d, — £ (0,0(3))]
n=1

N .
==Y fi"®0, (76)

n=1
so that the irreversible contribution 7:[,1,T is anti-Hermitian:
H = —Hin (77)

The change of propagators of Eq. (59) corresponds to the
following changes for the eigenvectors of Egs. (24):

fo(X) = ell)()?)ro()-é) — ell)()?)P*()—C») _ P*((‘j)eﬂp(})’
bE) = el (@) = e, (78)

The factorized forms of Egs. (69), (75), and (76) show that
the new right eigenvector ro(x) and the new left eigenvector
lo(x) of the Hamiltonian % associated to zero- energy are
annihilated by the N commuting annihilation operators Q,, of
Eq. (70),

Que D = (3, + (Bup@))e *® =0, (79)

and are thus annihilated by both the reversible and irreversible
contribution to the Hamiltonian

N

= 7:[\0()?) = Hrevei(ﬂx

0 7_2 *¢(X)
0=Hlp@) =H, e =7

—¢(x)' (80)

III. STATISTICS OF TIME-ADDITIVE OBSERVABLES
OF STOCHASTIC TRAJECTORIES

In this section, we describe the how the interpretation of
the Fokker-Planck generator of Eq. (34) as the non-Hermitian
quantum Hamiltonian of Eq. (36) is even more useful to
analyze the statistics of the time-additive observables of
stochastic trajectories.

A. Stochastic differential equations and Fokker-Planck
dynamics for the joint propagator

As recalled in the Introduction, a time-additive observ-
able O[X(0 < s <1)] can be written as Eq. (11) in terms
of some scalar field V(%) and some vector field AI9!(%)
in the Stratonovich interpretation. Here it is important to
stress that for the stochastic differential equations (SDE) of
Eq. (33) where there is no space-dependent function in factor
of the Wiener processes increments dw,(t), the Ito and the
Stratonovich interpretations coincide. However, for the ob-
servable of Eq. (11), the elementary increment d O(¢) between
t and (¢ + dt) reads in terms of the N Langevin increments
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dx,(t) of Eq. (33),

N
do(t) = V'O @@))dr + Y AN E())dx, (1)

n=1

N N
= [—v[‘” (F(1) + ZAL“@(r))fn(X(r))} di + ) AN E@)dw, ()

n=1 n=1

N
Loro @)t + Y~ ALPYE(t))dw, () [Stratonovich Interpretation]. (81)

— JStrato
n=1

So the N Wiener processes increments dw,(¢) are multiplied by the space-dependent functions ALO](?C(I)) and one needs to
specify that the force appearing in the stochastic differential equation of Eq. (81) corresponds to the Stratonovich interpretation:

N
fomto® = =VI@) + Y AN®) £, (). 82)

n=1

The Stratonovich SDE of Eq. (81) can be translated into the following Ito SDE:

N
do(t) = fiJ'@@)dt + Y APV E(t))dw,(r)  [Ito Interpretation], (83)
n=1
with the modified force
1.
fio' @) = fiao® + 5 ZaA[Ok )= fte@® + 5 VACE). (84)

nl

So the Ito and the Stratonovich interpretations will actually differ only for the observables O[X(0 < 7 < ¢)] that are characterized
by a nonvanishing divergence V.AI91(%) = 0 of the vector field A'°! appearing in their parametrization of Eq. (11).

Since the observable O(¢) can be considered as a supplementary (N + 1) coordinate for the Stratonivich SDE system of
Eq. (33), one can write the corresponding Fokker-Planck dynamics for the joint propagator P(X, O, t]y, 0, 0),

N
3P(%, 0,1]5,0,0) = VI?(®)doPE, 0,1]5,0,0) — Y (dy, + AL [X100) [ f,[ZIP(X, O, 1]7, 0, 0)]
n=1

+

N =

N
D (0, + A x]Bo) P, 0,1]3,0,0). (85)
n=1

It is thus simpler to analyze the statistics of the observable O[X(0 < 7 < t)] via its generating function as mentioned in the
Introduction and as described in the next subsection.

B. Generating function Z¥(¥, ¢|7, 0) via the quantum problem with deformed scalar and vector potentials

Since Feynman path integrals are written in the Stratonovich interpretation, the generating function Z'¥(%, ¢|y, 0) of parameter
k of the observable O[X(0 < t < )] of Eq. (11) over the stochastic trajectories X(0 < s < ) starting at X(0) = ¥ and ending at
X(t) = X can be directly written via the path integral of Eq. (39) based on the Lagrangian of Eq. (40) as

ZM(E, 1]5,0) = SWI(X(t) — X)ekOFOSTDIFM (}(0) — §)

X(t=t)=X . . . . ~ X(t=t)=x . X
_ / Df(r)e’fo dTLE@).X(O)FK fy de[-VION G+ AP E(@)] = / D?c(r)e’-fo dr LW (1) 3%(1)) (86)
X(r=0)=y X(r=0)=y

This path integral involves the k-deformed classical Lagrangian £(%(7), X(1)) with respect to the initial Lagrangian
L(X(t), X(7)) of Eq. (40),

LY (), %(1)) = LET), ¥(1)) + kVIOUE (D) — ki(0) AN E (1) = §8(1) — ¥(0). AW @) + VIHIE(T),  (87)
with the k-deformed vector potential Al (X) with respect to the initial vector potential A, (X) of Eq. (37),

AN (F) = AF) + kAON3) = f&) + kA9 (), (88)
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and with the k-deformed scalar potential V¥1(¥) with respect to the initial scalar potential V (¥) of Eq. (38),

V.1 + @&
Vi@ =v@E) +kvOE) = M + kv (). (89)
The magnetic antisymmetric matrix of Eq. (41) associated to the k-deformed vector potential Alkl (¥) of Eq. (88),
BY\(®) = —Bli (%) = 0,A% (%) — 0,AN)®) = By (¥) + kBLS) (%), (90)
contains the supplementary magnetic antisymmetric matrix BL9!(¥) associated to the supplementary vector potential AL9!(¥),
Bl9(%) = —BlO\(3) = 3,Al9 %) — 8,Al°0(®). 1)

So the generating function Z¥!(¥, |7, 0) satisfies the Euclidean Schrodinger equation analogous to Eq. (34),
QZM @, 11y, 0) = —HMZW (%, 113, 0), (92)
where the k-deformed quantum Hamiltonian %! involves the deformed scalar and vector potentials,
HE = —L(V - AW @))? + v ). (93)

Using Eqgs. (88) and (89), this Hamiltonian can be expanded to see more clearly the k deformation with respect to the initial
Hamiltonian H = H*=% of Egs. (35) involving the force f(¥),

e
v (% ()2 v (% 2 (2
- _%(% — KA ®) + (V — kA @) F(3) - [V'J; ) _Y (;)] + ! Ak (x)]2+ ST
= —%(? — KAV )2 + (V — kA9 (®)). f(F) + kVION ). (94)

Since the generating function Z™!(%, 1|3, 0) can be alternatively computed from the joint propagator P(%, O, |, 0, 0)
introduced in Eq. (85),
+00
ZM(@E,115,0) = / d0eOP (%, 0,117, 0,0), 95)
—00
the Euclidean Schrodinger equation of Eq. (92) with the Hamiltonian of Eq. (94) can be also derived from the Fokker-Planck
Eq. (85) satisfied by the joint propagator P(X, O, |y, 0, 0) using integration by parts with respect to O,

+o0
@ZMKiHﬁO)=:/ d0e%y,P(%, 0,13,0,0)
—0Q
+o00 N
- / dOekO{V[O] ($)oP (X, 0,115,0,0) = Y (3, + AL'[%130) [fu[XIP(%, O, 117, 0, 0)]
o n=1
1 - AlOIT3 250 R
T3 > (8, +APNF100) P, 0, 115.,0.0)
n=1
N | N X
= KV ODZIE. 117.0) = 37 (8, — kAP ONAFIZIE. 13,01+ 5 37 (3, — kAT @) 2N 117, 0).
n=1 —

(96)

Let us stress that in the present paper, we only consider the case of dimension N > 2 to have at least one off-diagonal element
in the antisymmetric magnetic matrix of Eq. (41). But the analogous description for additive observables of diffusion processes on
a one-dimensional ring, where the only magnetic parameter reduces to the total magnetic flux through the ring and corresponds
to the famous Aharonov-Bohm effect is discussed in detail in Ref. [71] with the corresponding gauge transformations of the
vector potential along the ring.

As recalled in the Sec. I B, the asymptotic behavior of Eq. (20) of the generating function Z!*¥!(%, ¢|§, 0) allows us to compute
the rate function /(o) from the ground-state energy E (k) of the k-deformed Hamiltonian ¥, From the point of view of gauge-
transformations, it is important to stress here that the corresponding similarity of Hamiltonians changes only the eigenvectors,
while the energy spectrum is invariant, so that the ground-state energy E (k) of H¥ can be also obtained as the ground-state

014101-9



ALAIN MAZZOLO AND CECILE MONTHUS PHYSICAL REVIEW E 107, 014101 (2023)

energy of any gauge-transformed Hamiltonian of HX!. To be more concrete, let us now describe an important example of
time-additive observable.

C. Example of time-additive observable: The entropy production X[¥(0 < 7 < #)] of trajectories ¥(0 < 7 < )

The entropy production X[X(0 < t < t)] characterizes the irreversibility of the Langevin dynamics at the level of the
stochastic trajectories and is thus nowadays one of the most studied time-additive observables for diffusion processes [97-110].

1. Reminder on definition of the entropy production X[xX(0 < t < t)] associated to the stochastic trajectory ¥(0 < T <t)

In the steady state, the probability P[X(0 < t < t)] of the stochastic trajectory X(0 < 7 < ¢) involves the inside of the path
integral of Eq. (39), while the initial condition X(0) is drawn with the steady-state distribution P*(X(0)),

PIRO < 7 < 1)] = PHE(0))e o AT GEO-TEEF+3V.FGEI- (97)
The probability of the corresponding time-reversed trajectory
By =x(r =t —s) (98)
reads
PLRO < s < )] = PAER(0))e b BBEO-TEOPH VGO — pr(3(1))e b drGEO+HGEFHIVGEN (gg)

The entropy production X[X(0 < t < t)] associated to the trajectory X(0 < 7 < t) is defined as the logarithm of the ratio
between the probability of Eq. (97) for this trajectory X(0 < v < t) and the probability of Eq. (99) for the corresponding reversed
trajectory xR (0 < s < 1):

IO < T <))

(77[76(0 ST <t)]>
n —_—_—m—

(P*(X(O))
PIxR0 < s < 1))

m) + /0 dt 25(0).fG(0))

= —/ dtd; In (P*(fc(r)))+[ dt 2%(7).f(%(7))
0 0

/ dt 3(1).[-V In (P*(E(1))) + 2f F(1))]. (100)
0

Using the decomposition of the force f (X) into its reversible contribution f“""(?c) of Eq. (46) and its irreversible contribution
(%) of Eq. (48), one obtains that the trajectory entropy production

SO < v <) = / dr 3(1) - [<2F (i(0)) + 2 Gi(0)] = f dr 3 (1) - ()] = / dr 30 AP D) (101)
0 0 0
is a time-additive observable of the form of Eq. (11) with parameters
vy =0, AP(®) =2/"®), (102)

i.e., there is no additional scalar potential VI*!(¥) = 0, while the additional vector potential AlZ1(%) only involves the irreversible
force f"(X).

2. Generating function Z™ (¥, ty, 0) of the entropy production X[¥(0 < T < t)]
As a consequence, the generating function of Eq. (86) for the entropy production X[X¥(0 < 7 < ¢)],
ZM @, 115, 0) = (M E(@) — DO (3(0) — 7)), (103)
is given by the path integral of Eq. (86) that involves the unchanged scalar potential of Eq. (89),
VH@E) = V@), (104)

while the k-deformed vector potential of Eq. (88) reads in terms of the reversible and irreversible force
AMF) = A®) + KAP(F) = fF) + (1 + 20 (@) = Vo) + (1 + 20 f"(F) = V@) + AN EF).  (105)
This suggests to make the gauge transformation analog to Eq. (55) with the new vector potential
AW @) = (1 + 26)F (%) (106)

that only involves the irreversible force f(%). The corresponding change for the generating function of Eq. (103) analogous to
Eq' (59)9

ZM &, 1]5,0) = D 0OZH(F, 115, 0), (107)
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yields that the new function Z*!(%, ¢|7, 0) corresponds to the new vector potential of Eq. (106), with its path-integral representa-
tion analogous to Eq. (60),

F(e=T)=F% ‘ ..
2W (3, 115,0) = / i Di(t)e” Jo AT OAV @)+ [y dri().AN @), (108)
¥(r=0)=y
The corresponding Hamiltonian is given by
AW = LV - AM@)? + V&) = 1A + AVE).V + VAR @] - LHAN®P + v @). (109)

Using the vector potential of Eq. (106) and the scalar potential V (X) of Eq. (62), this Hamiltonian finally reads

N 1 . . 14+2k) o o 14+2k)? - 1 o 1 -
AW = —5 A+ +20/7@).V + (Z—)[v. TR)] — %{fﬂ(fc’)}z +3 {[Vo@)* — Ap(E)} + E[fl"oc’)]z
= Frey + (1 + 20 Hire — 2(k + K*) [ @), (110)

where one recognizes the Hermitian reversible contribution ’;Qrev of Eq. (68) and the anti-Hermitian irreversible contribution "ﬂm
of Eq. (75) with the modified prefactor (1 + 2k), while the third term corresponds to a new contribution involving the square
Lf T (%)]? of the irreversible force.

3. Large deviations of the intensive entropy production o[¥(0 < s < t)] for large time ¢
The general framework for large deviations described in Sec. I B can be applied to the special case of the intensive entropy
production

_SREO<s<]l ]

o[X¥(0 < s <1)] ; ;/ dr ¥(2).[2f"™ (F())] (111)
0

as follows. In the large time limit # — +o00, the convergence will be toward the steady value o * that can be computed from the
corresponding steady current J*(X):

o0 s<t)] ~ o= /sz TE@R).[2f™®)]. (112)

—>00

One can use the relation J* X) = P*(X) f‘“(?c) of Eq. (49) to rewrite the steady value o * in terms of the steady current J* X) to
recover the standard formula involving the square of the steady current

o* = 2/de[]*(2)]2, (113)
P*(%)

which shows that o* is strictly positive for any nonvanishing steady current. One can instead rewrite the steady value ¢ * in terms
of the irreversible force " (X) to obtain the alternative form

o* = Z/de PEE @), (114)

which allows us to see the link of Eq. (28) with the first-order perturbation theory for the energy E (k) of the Hamiltonian 7!
of Eq. (110) using the unperturbed eigenvectors of Egs. (24),

0" = —E'(k = 0) = (b|(=2Firr + 2L D)) Iro) = 2 / "3 PF®L @) (115)
It is now interesting to compare the Hamiltonian 7{¥! of Eq. (110) with the Hamiltonian ¥ =='-*l associated to the parameter
k' = —1 — k satisfying
K'=—1—k 142=—(1+2k), kKA+k)=k(l+k). (116)
As a consequence, the term involving H;;, displays an opposite sign, while all the other terms are unchanged,
A= = Fey + (14 20 i = 2K (A + KD EF = Hreew — (14 20Hie — 2k +O®P. (117)

The physical interpretation is that the irreversible force is changed into its opposite f"(¥) — — fI(¥), while the steady state
P*(¥) is unchanged, so that the steady current of Eq. (49) is changed into its opposite J*(®) — —J*(%). The corresponding
invariance of the ground-state energy E (k) of the Hamiltonian #{*!,

E(k)=E(kK = —1—k), (118)
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translates via the Legendre transform of Eq. (26) into the famous Gallavotti-Cohen symmetry [111-119] for the rate function
I(0) of opposite arguments (+o),

I(0) = I(—0) — 0. (119)

D. Revisiting the canonical conditioning based on Z¥!(¥, ¢y, 0) via some appropriate gauge transformation
1. Reminder on the canonical conditioned process of parameter k for finite time t

The notion of canonical conditioning based on the generating function Z!¥1(%, ¢|7, O)has been recalled in Sec. IB 2 of the
Introduction. As described in Ref. [82], the conditional probability P"(Z, ) of Eq. (29) satisfies the forward Fokker-Planck
dynamics that reads in the present setting

N
aTPCOHd[k] (Z, .[) - _ Z 82”[(](‘”(2) + fnCond[k] (Z r))fPCOHd[k] (Z .[) Z 82 PCOnd[k](Z 'L') (120)

n=I

where the only change with respect to the unconditioned Fokker-Planck dynamics of Eq. (34) satisfied by the unconditioned
propagator P(Z, 7|7, 0) is the additional force fC°"*l(Z, 7) that involves the vector potential AL?!(X) appearing in the definition
of the additive observable of Eq. (11) and the spatial derivatives of the logarithm of the generating function ZW!(%, ¢|Z, 1),

MMz Ty = kAN Z) + 9, In[ZM &, 112, ). (121)

2. Reminder on the canonical conditioned process of parameter k for large time t — +o00

For large time t — 400, the conditional probability PC"*(z, 1) of Eq. (29) at any interior time T satisfying 0 < 7 < t is
given by Eq. (32) that does not depend on the interior time 7 and that reduces to the product of the left eigenvector /;(7) and
the right eigenvector r(Z) of Egs. (21) and (22). The corresponding additional force fncond[k] (Z, ) of Eq. (121) can be evaluated
from the asymptotic property of Eq. (20) for the generating function Z¥1(%, ¢|Z, 7),

fnCond[k](z’ ) O<<%<<[ kALO] @)+ 82,, ln[ef(tft)E(k)rk()-c')lk(z)] — kAE,O] @)+ 81,, In[l;(?)] = fnCOnd[k]Interior(Z)’ (122)

to obtain that it does not depend on the interior time t and that the second term only involves the spatial derivative of the logarithm
of the left eigenvector /(7). The conditioned Fokker-Planck dynamics of Eq. (120) is now governed by the corresponding
time-independent generator

N N
1
3, PCondikl(z 1) = _ Z 3, [(f,@) + fnccmd[k] Z)PCondlkl (z )] + 5 Z azzn pCondikl(z 1y (123)

n=1 n=1

3. Reinterpretation via a gauge transformation for the generating function Z™ (¥, t|y, 0)

The analysis recalled in the previous subsection suggests to make the following change of variables for the generating function
ZK1(x, ¢|7, 0) that involves the left eigenvector I;(.):

k()

MG 115.0) = [ B2 115,00 = O OZNG 1), 0), (124)
which we will now reinterpret as a gauge transformation involving the function
PR = In [L(3)). (125)

The initial vector potential A(%) = F(&) + kAI°!(%) of Eq. (88) is then transformed using the gradient of the function H*!(%)
of Eq. (125),

AN@E) = £,@) + kAP @) = —8,5M @) + AN (), (126)
into the new vector potential
AME) =A@ + 8,0M@) = £,0) + kAL @) + 0,51 (%) = f,(8) + fondiinenonz), (127)

where one recognizes the additional force fCondlklinerior(zy of Eq. (122). As a consequence, the new vector potential AX(%)
coincides with the total force that appears in the conditioned Fokker-Planck dynamics of Eq. (123),

PCond[k] G.1)= Z 9, A[k] (Z)PCond[k] @, -[) Z 0

n=1

2 pCondik] G.1)= — 74 Cond[k] pCond[k] @, 1), (128)

Zn
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which involves the quantum Hamiltonian
HOMI = G (= 19 4 AW (z)) = —192 + AW @) ¥ + [V.AM @), (129)
However, the gauge transformation of Eq. (124) means that the new function ZM&, 1| ¥, 0),
2N, 115, 0) = (7™ [5), (130)

corresponds to the quantum Hamiltonian 7{*! with the new vector potential A[¥(Z) but with the same scalar potential V¥(%) of
Eq. (89) as the initial generating function Z!¥(%, ¢|y, 0). Hence the Hamiltonian of Eq. (93) is changed into the new Hamiltonian

o 1 - = . . 1oy 2= 1 oozpr 00 1 2300 .
HY = =S (V=AM + V@) = -2+ A9@).0 + 2(VA@) - SIAN@P + V@)

[V.AK(2)] + [AM @)1

= O L v ) - 5 , (131)
where the last line allows us to compare with the Hamiltonian H "X of Eq. (129).
It is now useful to translate the eigenvalue Eq. (21) for the left eigenvector /i (¥) of the Hamiltonian ¥ of Eq. (93),
EMLE) = K@) = —1(V + A0®) 1@ + VEI@LE). (132)
using the replacement /(%) = ¢”'® of Eq. (125) and the replacement A (%) = — VK (%) + AM () of Eq. (126),
| R PN, 2 S o 3 o[kl =
E(k) = V@) = 2¢OV = Vil@) + AN @) — Vo) + A @e’
1 e o . e VAR + AN @)
- _Eefv[”m(v — V@) + AM ). (AM @)™ D) = | (x)]; AT OF (133)
As a consequence, the difference between the two Hamiltonians of Eq. (131) reduces to the constant E (k),
Ak _ 7/Condk] _ E (k). (134)
So the function Z*!(%, 1|7, 0) of Eq. (130) becomes
ZW(&, 115,0) = ®e M 5) = e EO 7)) = e EOPH, 15, 0), (135)
where
ARG, 115, 0) = (zle ™ |5) (136)
is the Fokker-Planck propagator associated to the force A*}(¥) and to the generator of Eq. (129).
In summary, the initial generating function Z*1(%, ¢|y, 0) has been rewritten using Eqs. (124) and (135) as
ZM(E, 115, 0) = e EOHNON® B (%, 115, 0). (137)

As a consequence, the finite-time canonical conditional probability P<°"*!(Z, 7) of Eq. (29) only involves the Fokker-Planck
propagator P¥I(%, 7|3, 0) via the standard Doob bridge formula

ZW(, 12, 1ZWE 1)y, 00 PU@E, 1]z, 1)PY(E, 7], 0)
ZIM (%, 115, 0) B PI(3, t]5,0)

while its behavior at any interior time 7 satisfying 0 <« v < ¢ for large time + — 400 of Eq. (32) reduces to the steady state
PH(2),

PpCondikl(z ) = (138)

zPCond[k](Z’ 7) ~ ﬁ[k]*(z) = zPCond[k]Interior(Z). (139)
LTt

4. Summary of the properties of the new gauge AM(F) that simplifies the analysis of the generating function Z¥(¥, t|y, 0)
In conclusion, the analysis of the generating function ZI¥(%, ¢|5, 0) will be drastically simplified when one is able to determine

the new gauge AX1(¥) satisfying the three conditions:
(i) The gauge transformation of Eq. (126). Here it is important to stress that it fixes the corresponding antisymmetric magnetic
matrix elements to the values BL’;}, (X) of Eq. (90) involving the initial magnetic elements B,,,,(X) and the supplementary magnetic

elements BIO!(%),

3,AM (F) — 8,AM (%) = B (%) = B, (¥) + kBIO)(%), (140)
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(ii) The condition of Eq. (133). This condition that is equivalent to the eigenvalue equation of Eq. (132) for the left eigenvector

fixes, up to some constant E (k), the sum of the divergence [V.A*!(%)] and the square [A¥(¥)]? in terms of the potential V*1(%)
of Eq. (89) that involves the same combination for the initial force f (¥) and the supplementary scalar potential V!©!(¥),

[V.AK@)] + AW @)
2

+E(k)=VH(E) =

[V.f®)] + @)

5 +kVI9(®).

(141)

This equation can be considered as the generalization in dimension N > 1 of the one-dimensional Riccati equation derived in
Ref. [71] for the analysis of additive observables concerning diffusion processes on a one-dimensional ring.

(iii) The Fokker-Planck equation of Eq. (128) associated to the force A¥ should converge toward a steady state P (Z) to be

able to write Eq. (139).

In Sec. V, we will see how this framework allows us to simplify the analysis of quadratic observables of Ornstein-Uhlenbeck

processes.

IV. SIMPLIFICATIONS FOR ORNSTEIN-UHLENBECK
PROCESSES IN DIMENSION N

Ornstein-Uhlenbeck processes in dimension N (see the
textbooks [2—4] and the more recent works [85,86] as well
as the recent PhD thesis [36]) correspond to the case where
the force f (X) of Eq. (33) is linear with respect to the position
X and is thus parametrized by some N x N matrix I' = [T",,,,],

N
[2®) == Tpnin. (142)
m=1

The condition for the convergence toward a steady state is then
simply that the real parts of the N eigenvalues y,—;,__n of the
matrix I' should be strictly positive,

Re(yy) > 0. (143)

A. Reminder on the matrix formulation of the Langevin system
and its direct integration

1. Direct integration of the Langevin system via its matrix
formulation

It is convenient to introduce the ket notations

N x1(7)
() =D xa(t)ln) =
n=1 XN(I)
N dw; (s)
and [dib()) =) dw,(1)ln) = - |, qes
=t dwy(s)
as well as the corresponding bra notations
O = (@) xy(t)) and
{dw@®)| = (dwi(s) dwy(s)). (145)

The Langevin system of Eq. (33) then reads in the matrix
form
d|X(t)) = —dt TIX(@)) + |dw(t)) (146)
and can be integrated to obtain the solution in terms of the
initial condition |X(0)) = [y},

%)) = e "5 + / e T9di(s)).
0

(147)

(

2. Average values p,(t) = x,(t) and connected correlation matrix
C@)

The average values p,(t) = x,(t) can be computed in
terms of the initial conditions ¥ via

pa (1)
By = . [=FEO)=e"E. 148

un ()

The symmetric connected correlation matrix
Com(t) = Cun (1) = X ()X (1) — ppn () ()
= [xn(t) - Mil(t)][xm(t) - Mm(t)] (149)
can be then computed from the ket solution

%) — (1) = /0 Tl di(s), (150

and the corresponding bra solution involving the transposed
matrix I'7,

FO) — (@) = / (din(sHle T (151)
0

using the statistics of the Wiener processes increments
dwy(s),

N N
() (dib(sH =Y D |n)imldw,()dw,(s")

n=1 m=1
N N
=YY In)(mlS,mdss(s — )
n=1 m=1
N
=dss(s — )Y _ |n)(n| = dsé(s — )1,
n=1
(152)
to obtain
C@t) = (|x(@)) — [2@ONUX@®)| — (@)
= / dse T T (=), (153)
0

The product of the two exponentials cannot be simplified in
the generic case where the matrix I' does not commute with
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its transpose T'7. The correlation of Eq. (153) satisfies the
dynamics
dC(t)
dt

= -TC()— CHIT +1. (154)

3. Gaussian finite-time propagator P(X,t|y, 0) and Gaussian
steady state P*(xX)

The finite-time propagator is Gaussian and can be con-
structed from the average values of Eq. (148) and the
symmetric connected correlation matrix of Eq. (153),

1

Q2m)N det(C(t))
1

Q2w )N det(C(t))

Tew(1R)-eT).

=3 (F=(RODSO R~ )

P, t]y,0) =

G

(155)

where we have introduced the notation ®(¢) to denote the
inverse of the matrix C(z),

o) =[CH]" (156)

For + — +o00, the average values of Eq. (148) converge
toward zero as a consequence of Eq. (143),

pn(t = +00) = 0, (157)

while the connected correlation matrix converge toward the
finite value C(r = 4+-o00) = C satisfying the steady version of
Eq. (154),

rc+cr’ =1 (158)

The propagator of Eq. (155) thus converges toward the Gaus-
sian steady state,

1

P*(F) = —————e 1 1%, (159)
V@)V det(C)
involving the matrix
® =&t =+400)=C"! (160)

So the function ¢(X) of Eq. (43) is quadratic and involves
the symmetric matrix @,

W)E_;IH(P*@)

P*(O)
x|<I>|x ZZ X (161)
n=1 m=1

4. Discussion

When one wishes to obtain explicit results in specific mod-
els, the matrix solutions of Egs. (148) and (153) should be

J

1 N

[\

analyzed in terms of the spectral decomposition of the matrix
I' [85,86], as recalled in Appendix C.

Now that we have recalled the standard solution via the
direct integration of the Langevin stochatic equations, it is
interesting to see in the following sections what insights can
be gained via the quantum non-Hermitian interpretation de-
scribed in Sec. II.

B. Corresponding non-Hermitian quantum problem: Harmonic
oscillator in constant magnetic matrix

For the linear force of Eq. (142), the vector potential of
Eq. (37) is linear,

Ap(X) = fu(X) = (162)

N
_E an-xm,
m=1

so that the antisymmetric magnetic matrix of Eq. (41) is space-
independent,

Bnm = —an = anAm(i) —_ 8mAn(76) == an - anv (163)

and corresponds to the antisymmetric part of the matrix I'.
The scalar potential of Eq. (38) is quadratic,

V() = 5 Za H® + = an @)

n=1
= _% Zl Con + % Zl <_ Zl anxm>
N
—ZFnjxj
j=1
=V+ ZZ

m=1 j=1

(164)

xmxj,

where the constant contribution V|, involves the trace of the
matrix T,

1 N
_EZ = ——tr(I') (165)

while the symmetric matrix W involves the matrix I' and its
transpose I'7,

N
= Tyl = (rTr)m]

n=1

(166)

So the non-Hermitian quantum problem corresponds to
a N-dimensional harmonic oscillator in a constant magnetic
matrix, with the following technical simplifications:

(i) The Lagrangian L£(X(t), X(t)) of Eq. (40) is quadratic
with respect to the positions x,(7) and the velocities x, (),

N 2 N
: 1
LET),¥T) = (x,,(r) +> r,,mxm(f))) -3 Z r,,

n=1 m=1

N =

n=1 m=1

N
Z fa(T) + Z anmnmxm(r) + Z Z "'"xn<r>xm<t) -

1 N
3 Zr (167)
n=1

n=1 m=1
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(ii) The quantum Hamiltonian of Eqs. (35) and (36) is quadratic with respect to the positions x,, and the momenta operators

(—1i0,) with the various forms

N 1 N
H = Zl O <_§8n - Zl anxm> =
n=1

It is thus instructive to see how one can recover the Fokker-
Planck propagator via this quantum perspective.

C. Recovering the Fokker-Planck propagator P(¥, ¢|y, 0) from
the quantum perspective

As recalled in Appendix D, when the Lagrangian
L(X(7),X(t)) is quadratic as in Eq. (167), the path integral
of Eq. (39) for the quantum propagator can be evaluated in
terms of the classical action S.; (X, 7]y, 0) alone,

det ( _ 254(.115.0)

P(X,t]5,0) = (271;;% o SaE115.0)

(169)

The application of Appendix D to the present case corre-
sponding to the matrices A = I'and W = I'" T yields that the
matrix M of size (2N) x (2N) in Eq. (D44) reduces to

M_—I‘l
“\No Ir7/)

The corresponding Hamilton’s classical equations of motion
of Eq. (D42),

X(1)) = |p(r)) — 15(2)) = TT|j(r)), (171)

can be integrated as follows. The second equation corresponds
to a closed dynamics for the classical momentum p(t). Its
solution in terms of the initial momentum |p(0)),

(170)

Tx(7)),

N 2 N N (pT
r'r
1y (a D) r) b3y T,

n=1 m=1

nZ BT

n=1 m=1

N
n E an
n=1

(168)

1 N
= yp.
2; n

(

can be plugged into the first Eq. (171) to obtain the following
dynamics for the position X(7):

%(1)) = —TIZ(1)) + € 7 |3(0)).

The solution can be thus written in terms of the initial position
[y) = |X(r = 0)) and initial momentum |5(0)) as

Ft<|5)>>+/ dsel‘sel‘Tsm(O)))
0

T
=)+ [ dse T 50)
0

(173)

[X(7)) =

= e " )5) + C(0)e" T150)), (174)
where one recognizes the matrix
C(r) = dse—l‘(r—s)e—I‘T(r—s), (175)

0
already discussed in Eq. (153). One then needs to impose the
final position |X) at T = ¢ for the solution of Eq. (174),

%) = [Z(x = 1)) = e T'[F) + C@)e" ' |F(0)),

to determine the appropriate initial momentum |5(0)) using
the inverse matrix ®(¢) = [C(¢)]~! of Eq. (156),

15(0) = e T @) (|F) — e T F)).

The classical action S.;(X, ¢|y, 0) of Eq. (D55) can be now
computed from the solution of Egs. (173) and (177) and from

(176)

(177)

|p(t)) = e |p(0)), (172) the constant V) of Eq. (165),
J
S = T o Tt = _ sim 1
S (. 1[5, 0) = (x|p@)) . (¥1p(0)) iV = (Xle |P(0)2> 51p0) %tr(I‘) _ E(mer C_ GDIFO)) — %tr(I‘)
[ | RE RTINS o > —T't|3 ! [ 51,—I7Tt > —Tt |3 !
= 5((X|€ —(De™ "@@)(IX)—e ' [y) — Etr(l“) = 5((X| — (Jle™ HP@)(IX) —e Iy))—ztr(l")- (178)

To evaluate the prefactor of Eq. (169), one needs to compute the Van Vleck matrix of the double-derivatives of the action
Sq1 (X, t]¥, 0) with respect to the final components x,, and with respect to the initial components y,,,

PSaE.105,0) _

8xn 8}’1]1 \m I=1

Zq)nl(t) X — Z(e r)ljyj

N
=Y Pu)e M = (@) ")y

=1

(179)

As a consequence its determinant reduces to the product to two determinants

3ZSC X, t|y, 0
det (_ ;(X 1y, 0)

Xn 2 Ym

) = det (®(1)) x det(e™ ™) =

i, (180)

det (C(1))
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Plugging Eqs. (178) and (180) into Eq. (169),

50 o—ltr(D)] i
5,0 = | 2
& 1.0 =\ v der

allows us to recover the propagator of Eq. (155) as it should
for consistency between the two perspectives.

D. Gauge transformations of the vector potential A(%) that
preserve its linearity

Let us now consider the gauge transformation from the
linear vector potential A,(X) of Eq. (162) toward some new
linear vector potential A,,(¥) parametrized by the new matrix
T instead of T,

N
A,@) = =) Futn. (182)
m=1

The antisymmetric part of the matrix T is fixed by the mag-

netic matrix B of Eq. (163),
r-ir"=B=r-r17, (183)

while its symmetric part (I' + I'7) remains arbitrary. The cor-

responding gauge transformation
A,(X) = —8,7(X) + A, (X) (184)

J

3 . 1., .= 1 NN M (r'T) 1
LED), X(0) = 28(1) = XO AR + V@ = 5 3 5@ + YD in(OFmtn(0) + DY 505 = = 3 Ton.
n=1

~Fle ™ @7 —e T TN+ Str(T) _

1

o 3=l OO (R e T ),
2m)N det (C(2))
(181)
[
involves the quadratic function
N N = =
~ > (an + an) - (an + an)
V(X) = XnXm
Rapipy ;
L [@+ThH - @ +17)7
= <XI[ 7 %), (185)

where one recognizes the difference between the symmetric
parts (I' + I'") and (T + I'7) of the two matrices.

The corresponding change for the propagator is the analog
of Eq. (5§9),

P(E, 117, 0) = "D "OPE, 1[5, 0), (186)

where the new propagator

X(t=t)=X . -

P, 17,0) = / Di(1)e” JdTLEDI@®)  (187)
R(r=0)=y

is governed by the new quadratic Lagrangian that involves the

same scalar potential V (X) of Eq. (164) but the new vector

potential A(¥) of Eq. (182),

n=1 m=1 n=1 m=1

The Euclidean Schrddinger equation for the new propagator P(%, ¢|7, 0),

8,P(%,t]y,0) = —HP(X,1]3,0),

(189)

is governed by the new Hamiltonian #{ analogous to Eq. (65) that involves the same scalar potential V (¥) of Eq. (164) but the

new vector potential X(Tc) of Eq. (182),

Il
|
N —
Mz
o
_|._
Mz
=
5
-
+
Mz
Mz

1. =
S\ A®)’ +V@E)
(FT r)nm 1 N
2 XnXm z n§:1 an
(rr),, — (I'1)

N
1 -
= nim — 5 an an ) 190
XpX, 2;:]( + o) (190)

which can be compared with the various forms of Eq. (168) for the initial Hamiltonian H.
Let us discuss two interesting examples of such gauge transformations that preserve the linearity of the vector potential in the

next two subsections.
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E. Properties of the Lagrangian and of the Hamiltonian in the Coulomb gauge A Coulomb (37)

The simplest choice of gauge transformation of the form of Eq. (182) is when the symmetric part vanishes (I' + I7) = 0.
Then Eq. (183) yields that one recovers the standard Coulomb gauge

rCoulomb — E (191)
2 b
where the vector potential only involves the magnetic matrix elements B,
1
AT @) = == 3 Bunin: (192)
m
The corresponding gauge transformation of Eq. (184),
An()_é) _ _anUC()ulomb()—Cv) +A50u10mb()—é)’ (193)
involves the quadratic function of Eq. (185),
N N
- (Com + Ton) L (T+TT
VIR (E) =} Y = (7 —— |19, (194)
n=1 m=1
which will appear in the change of propagator of Eq. (186),
P(£7 l’|§7 O) — e[UCoulomb(y)_UCoulomb(})]Pcoulomb(55’ [|5)" 0)' (195)
1. Lagrangian in the Coulomb gauge: Stochastic areas as conjugated variables to the magnetic matrix elements
In the path-integral representation of the propagator of Eq. (187),
R(r=t)=% : . R(r=t)=% , L
PCoulomb()—@ tl?? 0) :/ 'D)_c'(t)e_fﬂtdrﬁcomo""’(i(t),i(r)) :/ D)?(‘L’)e_ fé dr[%iz(r)-&-V(i)H-f(; drfc(r).ACOulom,()?(T))7 (196)
¥(r=0)=F (r=0)=y

the last term involving the vector potential AC°"™ (%) can be rewritten using the antisymmetry of the magnetic matrix B,
t . N t 1 t
dtx(t).ACmb (3(¢ =/ dt Y i (0)ASUOMP (% (7)) = B —/ dtx, (t)x,(t
/0 (¥) Fo) = | annmn (X)) an;mnzo (D) (T)

= ZZBW% / AT [ (T)in(T) = Xn(Dn(D] = Y D BunAmnl[#0 < s < 1)1, (197)

n m<n 0 n m<n

as a linear combination of the magnetic matrix elements B,,,,, where the conjugated variables A,,,[X(0 < s < t)] are the
projected stochastic areas swept by the trajectory [¥(0 < s < ¢)] in the various planes (m, n),

NN-1)
2

Am[FO0 < s <1)] = % / AT (o (2 ) (T) = ()i (7)) = —Aun[F(0 < 5 < D)]. (198)
0

Since the magnetic matrix elements B,,, of Eq. (163) are the only relevant parameters that characterize the irreversibility of
the Ornstein-Uhlenbeck process, these projected stochastic areas A,,,[X(0 < s < t)] can be considered as the basic observables
that characterize the irreversibility of the stochastic trajectories. The relevance of these stochastic areas to characterize the
irreversibility has been already stressed in Refs. [120-122].

2. Hamiltonian in the Coulomb gauge: Angular momentum as conjugated operator to the magnetic matrix

In the Coulomb gauge of Eq. (192) that involves only the antisymmetric magnetic matrix B = —B, the Hamiltonian of
Eq. (190) reads

HCoulomb —

Il
vl =
Mz
&
_|._
Mz
[ov)
g
&
~
(3]
+
]
]
~~
|
2|
=
g
S
<
N —
]
—
S

n=1 m=1 n=1 m=1 n=1
N N N N N T B N
LA Bun (F7 D)y 4 B 1
P ILED ) B SR 3y e e P DL I
n=I n=1 m=1 n=1 m=1 n=1
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Using again the antisymmetry of the magnetic matrix BY = —B, the second term can be rewritten as

N N op N B N
— ZZ %xman = ZZ %(-xnam — Xn0Op) = IZZ

n=1 m=1 n=1 m<n

B
;m an b

(200)

n=1 m<n

where one recognizes the components L,,, of the Hermitian angular momentum operator in dimension N,

Ly = —i(X,0p — X0 0y) = X, (—101) — X (—i0,) = Xp P — XmPn = L

F. Irreversible gauge [fi"(ic') based on
the irreversible force fi™ (¥)

The gauge A'™(%) based on the irreversible force f‘"()'c’)
has been already described in Sec. IIC for the general case
of arbitrary forces, so the goal of the present subsection is
to stress the simplifications that occur for the special case of
linear forces.

1. Decomposition of the linear force f(if’) into its reversible and
irreversible linear contributions

For the Gaussian steady state P*(X) of Eq. (159), the re-
versible force of Eq. (46),

G = 9@ = -3 O (202)
X)==VInP*X)=— X

" 2 — 2

is linear as the initial force f(fc) of Eq. (142), therefore
the irreversible force f“r(?c) = f(?c) — f“’v()?) of Eq. (48)
is also linear. In Eq. (51), the divergence V. f‘“(?c) on the
left-hand side is then constant, while the scalar product
f‘”()'c’).% In P*(X) on the right-hand side is homogeneous of
order two with respect to the coordinates x,. As a conse-
quence, both should vanish

F"(®).Vo(@) = 0.

So the irreversible force fl"(ic') is divergence-less and or-
thogonal to the gradient V¢ () of the function ¢ (). For the
parametrization of Eq. (54), these properties mean that the
antisymmetric matrix €2,,,(¥) is independent of the position
X,

V(@) =0, (203)

S2:1m = _Qmm (204)
so that Eq. (54) reduces to
SFE) =) Qundn In P*(%)
=2 Quuind(®)
= - Z <Z S2nmcI)m/)xl
1 m
= (205)

= (Q®),x.
1

In summary, the linear force f (X) of Eq. (142) involving
the N? matrix elements [, has been decomposed into its
reversible and irreversible components parametrized by the
%ﬂ) elements of the symmetric matrix ®,,, = ®,, and

(201)

nm-*

(

by the w elements of the antisymmetric matrix €2,, =
— Q-
Putting Egs. (202) and (205) together, the total force reads

- 1
FEO=FTEHT® =) (5<1>+sz<1>) X, (206)
m nm
so the identification with the initial form of Eq. (142) yields
the identity at the matrix level

r= %<p+sz<1>. (207)

The transposition of this equation reads using the symmetry of
the matrix @7 = @ and the antisymmetry of the matrix 7 =
-9,

I"=1o" +o’'Q" = 1o — oQ.

=1 (208)

As a consequence, the antisymmetric magnetic matrix B of
Eq. (163) corresponds to

B=T-T" = Q® + Q. (209)
It is now useful to rewrite Eq. (207) as
31+ =To"' =TC, (210)

in terms of the symmetric matrix C = ®~'. The transpose of
Eq. (210) reads using the symmetry of the matrix C and the

antisymmetry of the matrix €2,
n-e=cr’. (211)

The sum of Egs. (210) and (211) allows us to eliminate the
matrix £ and to recover Eq. (158) satisfied by the correlation
matrix C,

1=TrC+cCr’. (212)

The difference between Eqs. (210) and (211) leads to the
antisymmetric matrix €2,

Q=1TCc-crh. (213)

2. Quantum Hamiltonian . in the irreversible gauge
The properties of Eq. (203) yields that the irreversible anti-
Hermitian Hamiltonian of Eqs. (75) and (77) reduce to

e = ).V (214)
The parametrization of Eq. (205) for the irreversible force
™ (X) yields using the antisymmetry €2,,,, = — 2,

~

Tie =D LT @00 = -2 Qunldnd (@)1,

=) Lunldnd ()1,
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= Quldup ()19

=) Q3,610 — [0,$D13,).  (215)

The difference computed from Eqgs. (73),

010 — O 0 = —2(8,P(X))d, + 2(3,0(X))d, (216)

allows us to rewrite the irreversible Hamiltonian of Eq. (215)
using the antisymmetry of €2 as

fl = 33 2(0}00 ~ 2}00)

= Z Z QanlQm

0
=0 .. oye| - |
Ov

217)

while the reversible Hamiltonian ., is given by the diagonal
form of Eq. (69),

0
o . (218)

On

rev Z Q Qn = %(QI

Finally, the commutators of Eq. (74) are now constant and
involve the symmetric matrix ®,,, of Eq. (161),

(O, O} = 2(8,0,9()) = (219)

The diagonalization of the Hamiltonian # in terms of
canonical annihilation and creation operators can be found
in Appendix E to obtain the full relaxation spectrum of the
Fokker-Planck generator.

V. QUADRATIC TRAJECTORY OBSERVABLES OF
ORNSTEIN-UHLENBECK PROCESSES

In this section, we focus on the special time-additive ob-
servables O[X(0 < s < t)] of Ornstein-Uhlenbeck processes,
whose generating functions Z¥ (%,1]y,0) are governed by
quadratic Lagrangians £ (%(), ¥(t)) in Eq. (87) and by
quadratic Hamiltonians #*! in Eq. (93). Their large devia-
tions properties are also discussed in detail in the recent PhD
thesis [36].

A. Generating function Z¥1(¥, ¢|y, 0) associated to a quadratic
Lagrangian and a quadratic Hamiltonian

The generating function Z%!(%, 7|5, 0) will be governed
by a quadratic Lagrangian £¥!(%(¢), X(¢)) in Eq. (87) and
a quadratic Hamiltonian H! in Eq. (93) when the additive
observable O[X(0 < s < )] of Eq. (11) satisfies the following
two conditions:

(i) When the additional scalar potential V!©!(%) in the k-
deformed scalar potential VI (%) of Eq. (89) is also quadratic

and parametrized by some symmetric matrix W,

nln
E E )C,, m-

n=1 m=1

Then the k-deformed scalar potential V*!(%) of Eq. (89) with
respect to the potential V (X) of Eq. (164) reads

v = V(@) + kv (55)

') + kWO!
- ——tr(F) + Z Z D XX

vIOl(z) = (220)

m=1 j=I
N N [k]
= Z (221)
with the deformed matrix
WK = 17T + kWOl (222)

(i) When the additional vector potential A°)(%) in the k-
deformed scalar potential A¥1(¥) of Eq. (88) is also linear and
parametrized by some matrix A€,

N

m=1
Then the k-deformed vector potential A¥I(¥) of Eq. (88) with
respect to the potential A(X) of Eq. (162) reads

AM(R) = /K()z) + kAP ()

- Z nm + kAL(,Z]

Al9lR) = (223)

_ ZAU‘]xm,

with the deformed matrix

AW =T + kAL (225)
The corresponding supplementary magnetic antisymmetric
matrix of Eq. (91) is space-independent,

[O] _ [O] _ AlO] [O]
Bnm - _an =A —A

nm mn *

(224)

(226)

In Appendix D, we describe the general framework to
compute the finite-time propagator associated to a quadratic
Lagrangian involving arbitrary matrices W and A in Egs. (D1)
and (D2). In particular, we mention how the analysis can be
simplified by choosing a new gauge satisfying Eq. (D59). In
this section, the goal is thus to find the simplest gauge that will
simplify the study of the generating function Z¥1(%, ¢|y, 0).

B. Gauge transformation between linear vector potentials for
the generating function Z¥(¥, |y, 0)

Let us consider the gauge transformation from the initial
linear vector potential A¥(¥) of Eq. (224),

ARE) = =3, @) + AN (%), 227)
toward the new linear vector potential Ao,[f] ),
N
AN @) == Alhx, (228)

m=1
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parametrized by the new matrix A whose antisymmetric
part is fixed by the antisymmetric magnetic matrix B¥ as
computed from the antisymmetric part of the initial matrix
Alk] of Eq. (225),

Al _ (;\[k])T — B — Al _ (A[k])T
=T =TT 4+ k(A'OT — (AIONT). (229)
The quadratic function v¥1(¥) obtained from Eq. (227),
A[k] + A[k]) (j\[k] + j\[k])
‘o)[k] (x) mn nm mn XpXom
[A[kl + (AT — [AW 4+ (AT
= (ﬂ( )|7€>,
4
(230)

J

appears in the change of variables of the generating function

Z[k]()_é, tl5,0) = el‘i[“(9)713[“(55)2"[k]()-c'7 113, 0). (231)

The new propagator ZM(%, ¢|7, 0),

X(t=t)=X

Z°[k]()—c~ tb—; O) — / D)—é(.r)e—fot dt LW (%(7),%(1))

Hr=0)=y

= (xle£"}), (232)

is associated to the quantum mechanics in the same scalar
potential V*1(¥) of Eq. (221) but in the new vector potential
A,[f] (X), with the corresponding new quadratic Lagrangian,

Wkl

LW (), (1)) = 5 sz(r>+ZZx,l<r)A "]xm<r)+ZZ "’”xn(r>xm(r)+vo

n=1 m=1

N N 2
SNCEI HENRE MDD B
n=1 m=1

N
1 0
+ |:V0 + 3 E ALIZJ]
n=1

and the corresponding new quadratic quantum Hamiltonian,

N
H = —% > (a + ZAgf,]lxm) + Z Z
n=1

m=1 n=1 n=1

A (W[k] - (K[k])TA[k])nm

n=1 m=1

N N (W[k]_(j’\[k])Tj\[k])

2 (T)2n (T)
n=1 m=1

(233)

anm +W

Sl

n=1

C. Choice of the simplest gauge A¥! to simplify the analysis of
the generating function Z*!(¥, |y, 0)

The Lagrangian of Eq. (233) and the hamiltonian of
Eq. (234) will be simpler if the symmetric part of the ma-
trix A¥ (since the antisymmetric part is fixed by Eq. (229)
can be chosen to satisfy the following equation involving the
symmetric matrix W of Eq. (222):

(AT AK — Wikl — P71 4 kWO, (235)

The discussion regarding the solution of this equation with
the appropriate supplementary conditions is postponed to
Sec. VE. Here, we assume that the matrix A% satisfying
Eq. (235) has been found and we discuss the consequences.
Using Eq. (235), the Lagrangian of Eq. (233) simplifies

N
Xn ()X (T) + [Vo + % > Agﬁ]}. (234)

2 n=1
[
into
| N N 2
Alk] (2 = _ ; A [k]
£HG(0), %) = 5 ; (xn(r) + ; A,lmxmm)
ZAU‘] [V + = ZA["]:|

(236)

where up to the constant [Vp + 3 3°N_ AlX]], one recognizes
the Lagrangian of Eq. (167) concerning the Fokker-Planck
dynamics in the force parametrized by A%l instead of T.

Likewise, the quantum Hamiltonian of Eq. (234) reduces
to

N
HH = Za [ A —I—ZAnmxm:| |:Vo + % ZZ’\M},
n=1

(237)
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where up to the constant [V + % Z AL’;]] one recognizes
the Hamiltonian of Eq. (168) concermng the Fokker-Planck
dynamics in the force parametrized by A instead of T.

As a consequence, the propagator Z¥(%, ¢|y,0) of
Eq. (232) can be rewritten with an exponential term involving

this constant [Vp + 4 SN A as

n=1

ZW(E, 115, 0) = e M DL ABR 115,0),  (238)

where PIMI(%, £]3, 0) is the Fokker-Planck propagator in the
force parametrized by A

. X(t=t)=X
Pk X, t]9,0) = / Dx(7)
X(r=0)=y

NP LA EDDMRICHCIND DM NIECHEED DMRP .V

(239)

So its analytical expression is given by the analog of Eq. (181),

BHI(R, 1]5,0) = 1
\/ Q)N det(CI*I (1))
Xe*%((f\*@\E’Mm)T/)él“(t)(\fc')fe”w‘[k]’\y))’
(240)
with the following notations. The matrix
M) = /t dse— A=) =AW 1—s) (241)
0

satisfies the dynamics

dCH¥( o e ; .
—dt( ) _ —ABCH @) — CH @AM 11 (242)
and has for inverse the matrix denoted by
(1) = [CW (). (243)

In summary, putting together the gauge transformation of
Eq. (231) and the change of variables of Eq. (238), the initial
generating function Z"!(%, |3, 0) has been rewritten in terms
of the Fokker-Planck propagator P¥1(%, 1|7, 0) of Eq. (240) as

ZM(, 113, 0)
MO Vot T AN (% 1[5, 0). (244)

D. Supplementary condition on the gauge to simplify the
large-time behavior of the generating function
To have good relaxation properties for Fokker-Planck prop-
agator PKI(%, t]y, 0), it is convenient to choose among the
various solutions of Eq. (235), the solution Al whose N

eigenvalues )OLL"] have strictly positive real parts as in Eq. (143),
Re(A) > 0. (245)

Then, for large time  — 4-00, the propagator P¥(%, |7, 0)
of Eq. (240) will converge toward its steady state analog of

Eq. (159),

P& 15,0) ~ Phx)
1—> 400

N —— L) (246)
V@)Y det(Cl)

in terms of the limiting matrix CH = ¢t = +00) satisfy-
ing the time-independent version of Eq. (242),
CHAMHT +1

= — AWK (247)

and of its inverse @1 = [Ccfk]]’1
The convergence of the propagator in Eq. (246) allows us to
obtain the leading asymptotic behavior of Eq. (248) for large
time t — +00,
ZHE 15,00 | >

t—+00

MO @ [Vork 3 YLy AL Ik (7

(248)
The identification with the asymptotic behavior written in
terms of the ground-state energy E (k) of the initial Hamil-
tonian H¥,

ZW(, 113,0) = Y

9), 2o € FERELEG),

(249)

(Xle™

yields the following consequences:
(i) The ground-state energy E (k) of the initial Hamiltonian
H'X only involves the trace of the matrix A1,

1 N
— — ATl —
=Vo+ 3 ;—1 AW =

The rate function /(o) governing the large deviations of the
observable O[X(0 < s < )] can be then obtained via the Leg-
endre transform of Eq. (27).

(i1) The corresponding positive left eigenvector [ (¥) in-
volves only the quadratic function $¥1(.) of Eq. (230), which
involves only the symmetric part of the matrix A,

1 |
E(k) —Etr(I')—i- 5tr(A[ h. (250)

L) ="', (251)
while the corresponding positive right eigenvector
(@) = e O plklx (3 (252)

also involves the steady state PI¥* (%) of Eq. (246).

E. Link with Sec. III D and summary of the conditions to
determine the simplest gauge A

In conclusion, for this example of quadratic observables of
Ornstein-Uhlenbeck processes, one recovers exactly a special
case of the general formalism described in Sec. III D 3 in rela-
tion with the canonical conditioning of parameter k described
in Sec. III D. Let us summarize how the N x N real matrix
AM should be determined in practice and mention the link
with the three conditions of Sec. III D 4:

(i) The condition of Eq. (140) concerning the fixed mag-
netic matrix é;[ﬂ@) reduces in the present case to the
condition of Eq. (229) fixing the antisymmetric part of the
matrix Y with its MO=D elements. As a consequence, it

is convenient to introduce the symmetric part Y = (Y17
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with its w independent elements,

= AlKI + ([\lkl)T

, 253

> (253)
to rewrite the matrix A% and its transpose (AT as
[k] [k]

ARl — Ik 2 B ([’\[k])T — Ykl _ B_ (254)

(i1) The condition of Eq. (141) reads for the present special

case concerning the linear vector potential Alk I(¥) of Eq. (228)
and the quadratic scalar potential V*!(¥) of Eq. (221),

[V.AK(2)] + [AM ®)]2
2

E(k) =Vv™®) —

= ltr(i\”‘l) — ltr(r)
2 2

[kl _ [KINT A [K]
+ZZ(W (A A )"mxnxm. (255)

n=1 m=1

So the vanishing of the quadratic terms allows us to recover
the condition of Eq. (235) satisfied by the simplest gauge
A® while the vanishing of the remaining terms corresponds
to Eq. (250) for the ground-state energy E (k). Plugging the

J

parametrization of Eq. (254) into the condition of Eq. (235),

W = 17T 4 kWIO! = (AT A
o BN /. BX
= (YW =)y
( 2 + 2
. YHBIK _ BKIYI (BIkIy2
= (Y + + . (256)
2 4
yields ¥ (N +1 quadratic equations for the w elements of

the symmetrlc matrix Y that should be computed in terms
of the given symmetric matrix W¥ and in terms of the given
antisymmetric matrix B*,

(iii) Here the condition to have the convergence toward a
steady state means that among the various solutions of (ii),
one should choose the matrix Y*! such that the corresponding
matrix AF = Y 4 % of Eq. (254) displays N eigenvalues
with positive real parts, as discussed around Eq. (245).

The determination of the simplest gauge AX via these
three conditions is described explicitly in the smallest dimen-
sion N = 2 for the general case in Appendix D 3 e, while the
application to the Brownian gyrator model will be given in
Sec. VI of the main text. In the next subsection, we describe
how the solution for A% can be computed via a perturbative
expansion in the parameter k around k = 0 in arbitrary dimen-
sion N.

F. Perturbative expansion in k of the simplest gauge A¥! to obtain the first cumulants

1. General form of the perturbative expansion in k of the simplest gauge AWl

For k = 0, the solution of Eq. (256) reduces to A*=0 = I'. The perturbative expansion of the symmetric matrix Y*! of
Eq. (253) in the parameter k involves corrections of all orders k¢ involving unknown symmetric matrices Y@,

AW 4 (AT 1417

Y = =
2 2

+ kYD 4 12T 4

+ KIYD 4 o(k9), (257)

while Eq. (229) fixes the antisymmetric part and thus its perturbative expansion in k that only contains terms of order zero and

one,

Al _ ([\lkl)T BI¥
2 T2

The corresponding perturbative expansions of the matrix A¥ and of its transpose (A¥)7 read

. . BI® .
A =T +k<T“> + T) + YD 4t

(AT =17 ¢ k(Y(”

0]
> + Y@ 4.+ kiY@ + o(k?).

r-r’ B
> + kT. (258)
KIYD + o(k),
(259)

2. Solving the perturbative expansion up to second order

Let us now plug the perturbative expansions of Eq. (259) at order ¢ = 2 into Eq. (256),

I7T + kWO = (AR)T AW — [FT - k("r“) -

BO! . . B[O .
T) + Y@ 4 o(kz)} [r + k(r“) + T) +KE2Y® 4 o(kz)}

BlOI . BlO!
(s ) ()

e [FTYQ) LYOr 4 (Ym _

BLO] o (1) BO] )
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TRlO] _ Blo]
:rTr+k[rT*°r<“+1°'“>r+—r B > B r}

012 v (HRIO Ol
+k2[rT1°r<2> $Or ("°r“>>2 ~ (3[41) . YOBL ];B[ 11

] + o(k). (260)

At order k, this yields the following linear equation for the first-order-correction matrix Y.

. . BT — r7Bl°
Once the solution for Y has been found, it can be plugged into Eq. (260) at order k? to obtain the following linear equation for
the second-order-correction matrix Y®:

’Y® + YOr — — (Y2, (262)

(BIO12  BIOIY(M) _ Y (DRIO]
+
4 2
In practice, these equations for YD and Y can be solved in terms of the spectral decomposition of the matrix I', as described

in Appendix C5.

3. Consequences for the generating function E (k) of the scaled cumulants

As recalled around Eq. (29), the energy E (k) is the scaled cumulant generating function corresponding to the Legendre

transform of the rate function /(o). Plugging the perturbative expansion for A into Eq. (250) and using that the antisymmetric
matrix BI€! has a vanishing trace,

1 . 1 . B¢ . .
Ek) = Etl‘(A[k] -I)= Etl‘[k(T(l) + T) + KY® + -+ k1Y@ + O(kq)i|

k. K . k.
= Etr(1r<1>) + ?tr(T(z)) +o ?tr(T(q)) + o(k?) = kEY + K*E® + ... + K1IE@D 4 o(k?), (263)
one obtains that the coefficients £ of the perturbative expansion in k of the energy E (k) can be directly obtained from the
traces of the corrections Y@ of Eq. (257),
E@ — %tr(i‘(fl)). (264)

To evaluate the first two traces for ¢ = 1 and ¢ = 2, it is convenient to multiply Eqs. (261) and (262) by the matrix C and to
compute the trace: One can then use the cyclic property of the trace, and use Eq. (158) satisfied by the matrix C to obtain

5 )} = u[CT"YP + YOT)] = w[CTT YV + Y1)

= ta[(CT” + TC)YV] = te[ Y] = 2ED, (265)

and similarly,

BIO12  BIOIY() _ yHBIOT |
tr| C B) + — (Y2
4 2

= t[CTTY?® + YPI)] = «[(CIT + TC)Y?] = a[Y?] = 2E?. (266)

For the second term on the left-hand side of Eq. (265), one can use again the cyclic property of the trace, and use the Eq. (213)
satisfied by the matrix €2 to obtain

BT — T7BI®! 1 1
tr[Cf} = Etr[CB'@'r — CI'B9N = Etr[(rc — Cr"HBON = u[@B9. (267)

Plugging this result into Eq. (265) yields that the first correction £V reads
EW = la[CcW!! + @B, (268)

Let us now check the consistency via o* = —E'(k = 0) = —E" of Eq. (28) with the steady value o* associated to the
quadratic potential VI©!(¥) of Eq. (220) and the linear vector potential A[°(¥) of Eq. (223),

N N N N
oF = / dVF[—P*@)VO(®) + J*®).A9 3)] = [ de[—P*(x)Z Z XnXom — ZJ:()?) ZAﬁ]xm:|. (269)
n=1 m=1

n=1 m=1

o
W'
2
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The computation of these integrals with the Gaussian steady-state P* (%) of Eq. (159) and with the steady-current J*(¥) of Eq. (49)

that reads using the irreversible force of Eq. (205),
J, ()

yields that Eq. (269) becomes

n=1 m=1

n=1 m=1 n=1 m=1

Using @ = C~!

matrix BIO1 = ALO1 _ ALO1 of Eq. (226),

N
= P@)fi"®) = —P*®) Y _ (2®),x,

o Z nm /de[P*(x)x,1Xn1] + ZZ

n=1 m=1

— Z Z W Con + Z Z AL Z (Q®),,Cin = ——tr[W[O]C] + Z Z ACN(QeC),,.

(270)
I=1

AEL(Z] Z (ﬂq’)nl / dN)-é[P*(i)xl-xm]

271)

n=1 m=1

of Eq. (160) and the antisymmetry of the matrix $2, the second term can be rewritten in terms of the magnetic

N N

N N
Z Z AEl(fZ](9q>C)nm = Z Z A[O]Qnm - Z Z A[g]gnm + AEn(g]ﬂmn] = _% Z Z [AE,(,Z] - AEnon]]szmn

n=1 m=1 n=1 m=1 n=1 m=1 n=1 m=1
== Z Z B9, [B[O]Q] (272)
n=1 m=1
so that Eq. (271) is the opposite of E(" of Eq. (268) as it should for the consistency via Eq. (28),
0" = —1u[W9IC] — Lu[B9'Q] = —E". (273)
To obtain the second cumulant via Eq. (266),
1 BIOly2  BIOIN() _ y(glol
E® _ Etr|:C<( ; ) n : — oyl (274)

one needs to compute explicitly the correction YO via the method described in Appendix C5.

VI. APPLICATION TO THE BROWNIAN GYRATOR
IN DIMENSION N =2

The general framework described in the two previous sec-
tions for Ornstein-Uhlenbeck processes in arbitrary dimension
N is applied in the present section to the smallest dimen-
sion N = 2, where the antisymmetric magnetic matrix B,,, of
Eq. (163) reduces to the single off-diagonal element By, =
—B5;. To be concrete, we focus on the illustrative example
of the Brownian gyrator that has attracted a lot of interest
recently (see Refs. [§7-96] and references therein), to analyze
some quadratic trajectory observables that have interesting
physical meanings from the point of view of the stochastic
thermodynamics of this nonequilibrium model. Large devi-
ations properties of many quadratic observables of various
two-dimensional Ornstein-Uhlenbeck processes are studied in
detail in the recent PhD thesis [36].

A. Brownian gyrator in the initial coordinates (X;, X)
and some interesting time-additive observables

Let us consider the Brownian gyrator model based on the
quadratic energy

2

X
UX)=—"7+ 7 +uX, Xs, (275)

(

where u # 0 parametrizes the coupling between the two de-
grees of freedom. The Langevin system involves the linear
forces corresponding to the derivatives of this quadratic po-
tential U (X),

RX)=-3UX)=—-X| — uX,

. (276)

(X)) = —0UX) = —uX| — X,
as well as two different diffusion coefficients D; # D, rep-
resenting two different temperatures that maintain the system
out-of-equilibrium,

dX\(t) = —X,(1)dt — uXs(t)dt + /2Dy dw, (1),

dX,(t) = —uX,(t)dt — Xp(t)dt + /2D, dw,(t). (277)

The goal is to analyze some time-additive observables
that will characterize the irreversibility of the model. For the
trajectory [)? (0 < s <1)], the change of the energy U ()? )
of Eq. (275) between the initial position X (0) and the final
position X (t) can be decomposed,

UX(t)) — UX(0))

:f drBTU()?(r))zf dtX (1) VUK (7))
0 0

= / deX(0).[-F R (1)] = Qi[FO0 < s < 1)
0

+ QX0 <s <], (278)
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as the sum of the two heats 9,[X¥(0 < s < t)] received by the
two degrees of freedom, respectively,

Q']X‘D?(ossgr)]:/ deX,(1) - [~ (R (0))]
0
=/ dTXi(D[Xi1(7) + uXa ()],
0
QXX <s <)) = f dtXs (1) - [-B(X (1))]
0

= /0 dt X (D)[uX (7) + Xo ().
(279)

As recalled in Sec. III C, one of the most important time-
additive observable is the entropy production of Eq. (100)
that characterizes the irreversibility at the level of stochastic

trajectories,
<t
)l . (280)
s < 1)l

- X0 <
SR O < 1 < 1) Eln<P[ ( <T

PIXR(0
This definition, based of the logarithm of two probability

trajectories, yields that it will remained unchanged after the
rescaling described in the next subsection.

B. Brownian gyrator in the rescaled coordinates (xy, x,)

The change of variables of Eq. (B3) described in Ap-
pendix B corresponds to the simple rescaling involving the
two diffusion coefficients D; # D>,

0t = X (1) X5 (1)

2Dy’ V2D,

that will transform the Langevin system of Eq. (277) into a
system of the form of Eq. (33),

dx((t) = —x1(t)dt —u %xz(t)dt + dwq(t)
V 1

S1(x1 (@), x2(t))dt + dw(2),

dx(t) = —u %xl(t)dt —x(t)dt + dw,(t)
\ D2
S (@), x2(1))dt + dwi (7).

x(1) = (281)

(282)

The linear forces

D
filxr, x) = —x1 —u Ly = —x — upx;z,
\ D>
Dl u
LOLx)=—[—x—Xx=——x—x (283)
D, 1Y

only involve the interaction u# and the new dimensionless
parameter

(284)

x,(0)

X,(0)

) -1 0 0
x,(0) x,(t)

FIG. 1. Sample of diffusions satisfying the stochastic differential
system Eq. (282) on the interval ¢ € [0, 10] with the parameters
u = 1/2 and p = 2. Each color corresponds to the realization of one
process. The thick black curve is the average value of the stochastic
process as given by equation (C28) while the dashed orange curve
(only shown in the lower right figure) corresponds to an average
made on 10 000 realizations. All processes start at (y; = 1, y, = 2)
(indicated by the black cross). The time step used in the discretization
isdt = 1074,

The 2 x 2 matrix I of Eq. (142),

1 u
= <u 1,0)’ (285)
»
yields that the constant magnetic field of Eq. (163),
1
B=By=—-By=Tp—-Ty=u ,0—;
D D
—ul| (22— |21, (286)
D D,

is the relevant parameter for the irreversibility of the model;
as expected, it vanishes only if there is no interaction u = 0 or
if the two temperatures given by the two diffusion coefficients
are equal D; = D,. Figure 1 shows some realizations of the
stochastic process in the plane.

The explicit Gaussian forms for the finite-time propagator
P(%,t]y,0) and for the steady state P*(X) that exists for the
interaction parameter « in the interval u €] — 1, +1[ are given
in Egs. (C37) and (C38), respectively. Let us now focus on the
time-additive observables that characterize the irreversibility.

1. Heats in the rescaled coordinates (x1, x3) in terms
of the stochastic area A[X¥(0 < s < 1)]

The two heats of Eq. (279) translate into the follow-
ing time-additive observables for the rescaled trajectory
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XO0<s <) N =2,

ARO < s <D= Ap[X0 < s <) =—An[X¥0< s< 1))

QIFO < s <1)] = 2Dy / dtiy (D)xi (1) 4+ upxa(v)] L[
| = 5/ dz[x;(t)x(t)— X1 (T)x ()],
0

— 2, / deiy (D[ —fi GO, (288)
0

up to boundary terms as
t
QO <s <] = 2D2/ deZ(T)[%xl(f) +xz(r)} Qi[F(0 < 5 < )] = [Dix} () + Dyupx; (T)xa(0)]0 -,
) -
—2Dyup A[X(0 < s < 1)],

t
=20, [ drii-AGOL Q8) ) -
0 DEO<s <)l = [szi(w +Dz;x1 (r)xz(f)}
=0
where one recognizes the force f(X) of the rescaled Langevin
system of Eq. (282). They can be both rewritten in terms of

the single stochastic area of Eq. (198) existing in dimension

J

12D, L ARO<s <)l (289)
0

2. Entropy production in terms of the heats Q,[¥(0 < s < t)] and in terms of the stochastic area AlX(0 < s < t)]

The entropy production of Eq. (280) translates into the entropy production discussed around Egs. (100) and (101),

PIX(O <t <)l

SEO< T <= (m

) :/0 dr X(t) - [2f"(R(1))]. (290)

The link with the heats of Egs. (288) can be obtained using the decomposition of the force into its reversible and irreversible
contributions of Egs. (46) and (48),

SEO <t <) = / d 3(0).2FE (D) — 27 @)
0

- / dt i1 (1) - 2fi RN+ / dt 32(1) - 2HEE )]+ / dr 3(x) - [V In P (¥(2))]
0 0 0

_QIlFO D< s<Ol - QO 5 SO pr el o)
1 2

As a consequence, the entropy production X[X¥(0 < t < )] can also be rewritten in terms of the stochastic area of Eq. (288) up
to boundary terms using Egs. (289),

=t

SFO < T <] = —[x%(r) +23(0) + u<p + %)xl(f)xz(f) +1nP*(5c’<r>)} +FBARO<s <Dl (292)
=0

where the prefactor (2B) in front of the stochastic area involves the magnetic field of Eq. (286), i.e., the irreversibility parameter
of the model.

3. Intensive entropy production o[¥(0 < s < t)]

In the intensive entropy production of Eq. (111), the boundary terms of the extensive entropy production of Eq. (292) are of
order 0(%) and can be neglected,

TXO<s<]
t

2B

o[F0 < s <1)] = AXOS s S0l +o<1

;>. (293)

So the study of the large deviations of the intensive entropy production o [¥(0 < s < #)] is equivalent up to the constant prefactor
2B to the study of large deviations of the intensive stochastic area,

AFO<s <l _ 1

alx(0 < s < 1)] ; o

/0 dr[xi(1)x%2(7) — X1 (T)x2(7)]- (294)
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Similarly, Eq. (289) yields that the two intensive heats received by the two degrees of freedom, respectively, are also directly
proportional to the intensive area a[X(0 < s < t)] using Eq. (284) to rewrite the prefactors

QX0 <s <)) = M —2Dyupalx(0 < s < )] + 0(;) = —2uv/DiDa[%(0 < s < 1)] + 0(;),

QX0 < s < 1)l
t

GIFO<s<t)] = = 202%61[2(0 <s<nl+ 0(}) = 2u/D1D2al3(0 < s < 1)] + 0(%). (295)

Therefore, they are opposite as they should, since the energy cannot accumulate in the system during the long time interval [0, ¢],

QX0 <s <O+ pXO0<s <)l = 0(;) (296)

Consequently, Eq. (291) yields that the intensive entropy production o [X¥(0 < v < ¢)] is proportional to the intensive heat
@10 < s <),

) __alE0<s <) @RO<s<ol (1 _ (11 !
cr[x(()éfél)]—— Dl — DZ +O(Z>_<D2 D1>511[x(0 S<I)+0<t), (297)

in agreement with the standard thermodynamic formula, where the prefactor involves the difference (— — —) of the inverses of
the temperatures of the two reservoirs.

4. Discussion

In the following, we will focus on the statistics of the stochastic area A[X(0 < s < t)], since the two heats Q,—; »[X¥(0 < s <
t)] and the entropy production X[X(0 < s < t)] can be then obtained via Egs. (289) and (292). Let us mention that the alternative
method based on the Fourier-Matsubara decomposition to evaluate Gaussian functional integrals has been used previously to
compute the large deviations properties via an integral over the frequency of the logarithm of the ratio of two determinants:

(i) for the entropy production for Ornstein-Uhlenbeck processes in dimension N [99];

(ii) for the heat Q,—»[X(0 < s < t)] in the Brownian gyrator in dimension N = 2 [87] for the special interaction parameter
u = —11n Eq. (277).

C. Statistical properties of the stochastic area A[X(0 < s < t)]
1. Properties of the stochastic area A[X(0 < s < t)] as a time-additive observable
The framework discussed in Sec. III can be applied to analyze the statistics of the stochastic area A[X(0 < s < )] of Eq. (288),

AFO <5 <) = % f deln (Db (@) — 11 ()0 ()] = / de[H() AN E(D))], (298)
0 0

which corresponds to the time-additive observable of the form of Eq. (11) with

A7) = —% A ) = % (299)

Since the divergence of A!(%) vanishes V.AM (%) = 0, the Ito and the Stratonovich forces coincide [Eq. (84)] in the Langevin
stochastic differential equation of Eq. (81) that reads using the Langevin system of Eq. (282)

aAw = "Dy - 2 av)
xi (1) u x(t)
= [ (pxl(t)+xz(t))dt+dwz(t)] > —— =01 (®) + upxa(1))dt + dw(1)]
:Z[ 2(t)—%}d +wd z()—ﬂd 1(0). (300)

The solution of this stochastic differential equation is
L xi(s) x1(5) " xa(s)
A@) == / |:,ox2(s) i|d + / dwy(s) — / dw(s), (301)
2 Jo 0o 2 0o 2
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where x| (t) and x,(¢) are given by Eq. (147). By plugging the expression of I' for the Brownian gyrator, given by Eq. (285), in

Eq. (147), we get the analytical expressions

x1(t) = e '[cosh(ut)y; — p sinh(ut)y,] + / e~ "[cosh(u(t — s))dw,(s) — p sinh(u(t — s))dws(s)],

0

o) = [—_ Shj:(m) i+ cosh(ut)y2:| n /0 t e—“—”[—_ Smh(';(t =)y (s) + cosh(u(t — s))dwz(s):|, (302)
which can be used to compute the average value of the stochastic area .A(¢) of Eq. (301) as follows. First observe that
/Otxl(s)dwz(s) = /Ot e~S[cosh(us)y; — p sinh(us)y,]dw;(s)
+ /OS e~6=V[cosh(u(s — v))dw;(v) — p sinh(u(s — v))dw,(v)]dw,(s)
= /O t e~*[cosh(us)y, — p sinh(us)y,]dw,(s) + fo ) cosh(u(s — v))dwr (@)
- /O ' e~V p sinh(u(s — v))dw, (V)dw, (s). (303)

Since w;(t) and w,(¢) are two independent Wiener
processes, one can use dw;(t) =0 =dw;(s)dw,(t) and
dwy(s)dw,(t) = §(s — t)dt to obtain that the three contribu-
tions of Eq. (303) vanish,

—
/ x1(s)dwy(s) =0 (304)
0
Likewise, the following integral vanishes,
—
[ s = (305)
0

so that the average value of the stochastic area A(t) of
Eq. (301) reduces to

L i 2
A = g/g [%(s) ;)}

The probability density function of (xi, x) is the Gaussian
propagator given by Eq. (C37). So the values of xj (t) and

(306)

2(t) can be easily obtained. The calculations are tedious but
straightforward, and the last integration over s leads to the
final expression

A = ée*”[—l +27 + (1 = 2)3)07]

=2 4 (22—

21, Y 2
5 1),0]+4p(,0 1.

(307)

Recall that p = / , so for large time t+ — +o0, the mean

swept area increases hnearly with ¢+ when D, > D, and de-
creases linearly with t when D, < D,. Figure 2 shows some
realizations of the stochastic swept area as well as its mean
value.

(

The corresponding Fokker-Planck equation of Eq. (85) for
the joint propagator P(X, A, t|¥, 0, 0) reads

9 P(X, A, t]y,0,0)

X
= (8 = 304) (01 + upx2)P(E, A, 115. 0. 0)

+ axz+—aA [( L +x2>P(x A, 17, 0, 0)}
2
+5 ( - 3A> P(x, A, t]7,0,0)
2
45 (0 + o) PG, A,117,0,0), (308)

swept area A(t)

time t

FIG. 2. Ten realizations of the stochastic area satisfying the
stochastic differential equation Eq. (300) on the interval ¢ € [0, 10]
with the parameters u = 1/2 and p = 2. Each color corresponds
to the realization of one process. The blue diamonds represent the
average profile of the stochastic area as given by Eq. (307). The
thick black curve which coincides with the theoretical average curve,
corresponds to an average made on 10 000 realizations. The time step
used in the discretization is df = 1074,
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It is thus simpler to analyze the statistics of the stochastic area
via its generating function as described below.

2. Generating function Z® (¥, ty, 0): Correspondence with a 2D
quantum harmonic oscillator in a constant magnetic field

The generating function Z*!(¥, |7, 0) of Eq. (86),

ZM (R, 1]3,0) = SWMI(F(t) — X)ekAFROSTOISN) (3(0) — 7)

X(t=t)=X .
_ / DE(1)e-LUE0I0)
H(r=0)=

(309)

involves the k-deformed classical Lagrangian of Eq. (87),
LG, 5(1) = 12() — ¥(0).AME ) + V (), (310)

with the following vector and scalar potentials:
(i) The k-deformed vector potential A¥1(¥) of Eq. (88),

k
APE = A® + kAN @) = —x - (“p + z)xz

= —Anx; — Apx,

u

H@) + kA @) = (5 - —)xl -x
2 p

AN ®)
= —Ayix1 — Axpxy, (311)

is linear and parametrized by the matrix

k
AW = <(£lk) (“'014“5)) :r+’i<01 é) (312)
P 2 -

2
The corresponding deformed magnetic field of Eq. (90) with
respect to the magnetic field B of Eq. (286) reduces to

B¥ =Bl = — Bl = 3,A1 (%) — A1 @) = B+ k. (313)
(ii) The quadratic scalar potential of Eq. (164) reads

Wit , Wxp

V) =W+ Txl + Tx% + Wiaxixa, (314)
where the constant of Eq. (165) reduces to
Vo= -1+ ) =—1, (315)
while the symmetric matrix W reads
1 IN(1 u
werrz( p)( lp>
up 1 »
2
1+%  u(p+2
= 7o uets) . (316)
u(,o + %) 1+ u?p?

3. Choice of the simplest gauge A to simplify the analysis
of the generating function Z¥\(x, ty, 0)
In dimension N = 2, the conditions to determine the sim-

plest gauge A¥l summarized in Sec. VE can be analyzed in
the Pauli basis for 2 x 2 matrices as follows.

(i) The antisymmetric part of Eq. (229) that only involves
the magnetic field B¥ = BY) = —Blfl = B 4 k of Eq. (313)
can be rewritten in terms of the Pauli matrix o,

R _ (RINT _ plk _ 0 (B+k)
AT -(AT) =B _<—(B+k) 0 )

= i(B+ k)((i) 5‘) = i(B + k)oy.
(317)
(i1) The symmetric part of Eq. (253) can be decomposed in

terms of the identity and the two Pauli matrices (oy, 0,) with
three real coefficients (go, gx, &),

it AW (RIHT

) = g01 + gx0x + &:0;

+ x
_ <go g: g ) 318)
8x 80 — 8z

Using the notation

_B+k
& = 5
one can put together (i) and (ii) to obtain the parametrization

of Eq. (D63),

(319)

0 . + x +
A= g01 + 8xO0x + gy(lay) + 8:0; = (go 8 8 gy)s
8 — 8 80— &z
o T . 80+8 & —8&
A =gol + g0p — g(ioy) + g0, = .
&+8& 80o—8&:
(320)

One can now apply the analysis of Appendix D 3 e to the
present case, where the matrix W is given by Eq. (316), with
the following trace and determinant:

1
tr(W) = 2 + u? <p2 + —2),
P

det(W) = [det(D)]* = (1 — u?)*. (321)
The solution for the coefficient gy of Eq. (D79) reads
tr(W)
=5 T det(W) )
80 = - 2  ~ 8y

B \/1+§(p2+#)+(1 — ) (B+k)?
B 2 4
=,/1 Bk K (322)
B 2 47
with the corresponding solutions of Eq. (D81) for g, and g.:
_ 8oWi — gy B

8x = Twy
— + \/det(W)

- u(p+ 1)[4/1— % — £ + BB +k)]

- 2(4 + B?) ’

014101-30



NONEQUILIBRIUM DIFFUSION PROCESSES VIA NON- ...

PHYSICAL REVIEW E 107, 014101 (2023)

2052 4 g, Wiy

8z =

= £ /det(W)
_u(,o—i—%)[B—i—k—BJl—%—’jl—z] )
N 4+ B2 '

The two eigenvalues of A% are given by Eq. (D80):

fe = go+/g% — V/det(W)

(324)

Finally, the quadratic function (%) of Eq. (230) that
allows us to perform the gauge transformation reads using A¥!
of Eq. (312) and Y™ of Eq. (253):

ey _ Lo (A AR
P = 5@ - )iE)
2 2
L 1—g0—8 5lo+,) -8\
=5@. %)
5(,0‘4‘;)—& I —go+g:

x2 x2
= —go—gz)g‘ +(1 —go+gz)32

u 1
+ [—(p + —) - gx}xm-
2 P

Let us now describe some consequences that can be derived
from this explicit form of the simplest gauge A%,

(325)

4. Scaled cumulant generating function E (k) and rate function
I(a) of the intensive stochastic area a[¥(0 < s < t)]
The ground-state energy E (k) of Eq. (250) which only

involves the trace of the matrix AKl of Eq. (320) can be
directly obtained from the coefficient gy of Eq. (322),

1 1 i
E(k) = —5tr(T) + Ju(Al) = —1 + g

(326)

The rate function /(a) governing the large deviations of the
intensive stochastic area a[X(0 < s < t)] of Eq. (294) can be
then obtained via the Legendre transform of Eq. (27),

. B+k
a = — =
Bk k2
W=7 -7
(@) = ka + E(k)
ko141 BE_E
— 2 4
B+k
—ka—142EE (327)
4a

The first equation gives a as a function of k, and for k = 0,
one obtains the steady value a* of Eq. (28),

B
a'=—-E'k=0)= 1 (328)

Instead of calculating k as a function of a, one can use the first
equation to obtain the following second-order equation for k:

2
Bk k2>
1_ -

0=(B+k?’— |4
(B+k) <a 5 2

2

— 164
e o

= +4a2)|:k2 + 2Bk +
1+4a

with the two solutions

ky =—B+2 B +4
=7 “ 1 +4a?

The first equation of Eq. (327) means that a and (B + k)
should have the same sign, so the appropriate solution is k.,

| B+ 4
k(a)=k+ = —B+2a m,

which can now be plugged into the second equation of
Eq. (327) to obtain the explicit rate function

(330)

(331)

B+k
I(a) =ka—1+ +
a
B2 +4 1 |B>+4
= —Ba +2d* 14— —
T e T T T
1 B2+ 4
= —Ba— 14 (1 +4d*
a +2( + 4a”) a2

V(B2 +4)(1 4+ 4a2) — 2(Ba + 1)
2
_ (B — 4a)?
/(B 4)(1 + 4a2) +2(Ba + 1)]

(332)

which vanishes and is minimum at the steady value a* = % of
Eq. (328) as it should [Eq. (19)].

For large a — 00, the corresponding values of k(a) in
Eq. (331) remain finite,

k(a = £00) = —B++/B?>+4, (333)

while the rate function I(a) of Eq. (332) displays the linear
asymptotic behaviors

I(a)(H:jroo ak(+00) = a[vB? +4 — B],
I(a) ~ ak(—o0) = (—a)[vVB%> +4 + B], (334)

in agreement with the fact that the scaled cumulant gener-
ating function of Eq. (326) is real only on the interval k €
[k(—00), k(+00)],

1
E(k) = —1 + 5\/4 — 2Bk — k2

1
= =1+ 5V/k(+00) — K]k — k(—00)].  (335)

Finally, let us mention the appropriate translation of the
Gallavotti-Cohen symmetry of Eq. (119) via ¢ =2Ba of
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=
[S]

E(k)

FIG. 3. Rate function /(a) given by Eq. (332) and scaled cumu-
lant generating function E(k) given by Eq. (335) of the Brownian
gyrator for various values of the magnetic field B.

Eq. (293): the difference between the rate function I(a) of
Eq. (327) at opposite arguments (£a) reduces to

I(a) — I(—a) = —2Ba, (336)
|
lCond[k]lnlerior()—é) =|1= 1— B_k — k_2 —
2 4

while the corresponding invariance of the scaled cumulant

generating function E (k) of Eq. (335) is
E(k)=Ek = —-2B—k). (337)

Figure 3 shows the rate function and the scaled cumu-
lant generating function for several values of the magnetic
field B.

5. Canonical conditioning for large time t

As explained around Eq. (122), the additional force
fCondlkiinterior 7y of the canonical conditioning of parameter
k involves the vector potential Al (%) of Eq. (299) and the
derivatives of the quadratic function H¥!(¥) = In[l;(Z)] of
Eq. (325),

lCond[k]Inlerior()—C») — kA[lA] ()—C») + BXI“’}[k] ()?)
=[1—go— glx
u 1 k
+ |:§ (,0 + ;) —8x — 5}62,

Cond[k]Interior /> Al = 0 X
< ‘ond[ Jmenor(x) _ kA[2 J()C) + 8XZV[k](X)

|u n 1 . k
- 7 14 0 8x D) X1
+[1 —go + g:Ix2, (338)

where one can plug the explicit expressions of the coefficients
(g0, &x, &;) of Egs. (322) and (323) to obtain the final result,

o+ DB+ k- 8,/1- 5 - K]

4+ B2 xl

ulp+ )41 -5 -5 +BB+H] g

204+ B?) N e
fCondikinterior .y u n 1 u(p + %)[4m + B(B + k)] N k
2 V=120 24 + B 2 M
2
Bk & ulp+i)[B+k-B/1-5 4]
tHl-yl-75 -7 yny X (339)

As recalled after Eq. (123), this canonical conditioning
of parameter k is asymptotically equivalent for large time
t — 400 to the microcanonical conditioning on the intensive
stochastic area a[X(0 < s < 1)] of Eq. (294) at the correspond-
ing Legendre value a = —E’(k) of Eq. (327).

VII. CONCLUSION

In summary, we have revisited the nonequilibrium diffu-
sion processes in dimension N via the correspondence with
the non-Hermitian quantum mechanics in a real scalar po-

tential V(X) and in a purely imaginary vector potential of
real amplitude A(¥), to get a more intuitive understanding of
nonequilibrium diffusion processes, as well as more efficient
computation tools to analyze the properties of their trajectory
observables.

We have first stressed the role of the magnetic ma-
trix elements B,,,,(X) = —B,,;,(X) = 0,A,,(X) — 9,,A,(X) as the
relevant parameters of irreversibility and we have emphasized
the advantages of making the gauge transformation of the
vector potential A (X) based on the decomposition of the force
into its reversible and irreversible components.

N(N—1)
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We have then explained why this perspective is even
more useful to analyze the generating functions of all the
time-additive observables of stochastic trajectories. Our main
conclusion is that the computation of large deviations rate
functions and the construction of the corresponding Doob
conditioned processes can be drastically simplified via the
choice of an appropriate gauge for each purpose.

We have then applied this general framework to study the
special time-additive observables of Ornstein-Uhlenbeck tra-
jectories, whose generating functions correspond to quantum
propagators involving quadratic scalar potential and linear
vector potentials, i.e., to quantum harmonic oscillators in
constant magnetic matrices. Finally, we have focused on the
specific example of the Brownian gyrator in dimension N = 2
to compute the large deviations properties of the entropy
production of its stochastic trajectories and to construct the
corresponding conditioned processes having a given value of
the entropy production per unit time.

APPENDIX A: REMINDER ON THE CLASSICAL
AND QUANTUM MECHANICS IN
AN ELECTROMAGNETIC POTENTIAL (V, A)

In this Appendix, we recall the standard definitions for the
classical and quantum mechanics for a particle of unit mass
and unit charge submitted to the scalar potential V and to the
vector potential A. Here the “true time” will be denoted by 6
to emphasize the difference with the main text based on the
Euclidean time ¢ obtained by the Wick rotation

t=1i6. (Al)
1. Lagrangian perspective
a. Classical mechanics via the Lagrangian perspective
The Lagrangian L(G(6), 5(0)) is a function of the position
G(0) and of the velocity c?(@) = % that is quadratic with
respect to the velocity g(6),

L(G(9), 4(0)) = 13*6) + (6).AG(©0)) — V(G(0)),

while the dependence with respect to the position G(6) is
contained in the vector potential A(G(6)) and in the scalar
potential V(g (6)). The classical Lagrange equations of motion

d (L@G(6),3(6))\ _ IL(G®). 4(6))
do 3G(©0) N 3G(0)

(A2)

(A3)

then determine the acceleration 5(9) in terms of the position
G(0) and of the velocity ().

b. Quantum mechanics via the Feynman path integral
involving the Lagrangian

In the Feynman perspective of quantum mechanics [1], the
amplitude ¥ (g, ®|go, 0) to go from the initial position g, at
time 6 = O to the final position g at time ® can be written as
an integral over the paths (0 < 6 < ©) of a complex phase
factor that can be computed from the Lagrangian of Eq. (A2),

4(®)=4

¥ (G, ®ldo, 0) = / D(G(O))e! o PLEOTO) (A4

4(0)=4o

c. Feynman path integral in the Euclidean time t = i0
The translation into the Euclidean time t = i and T = i®
of Eq. (A1) involves the change of variables
go) =x@ =i0),
- dqg) .dx@) ..
go) = = = iX(t).
q(0) 70 — ix(1)
So the Feynman amplitude of Eq. (A4) becomes in Euclidean
time
1ﬂEuclidean(fC» T|207 O) = W(CY, @ﬁo, 0)

R(T)=% , ]
— / D()—C*(t))e— Jo drLE1),X(1))
X(0)=xp

(AS5)

(A6)

where the Euclidean Lagrangian E.(fc(t),);c(t)) is obtained
from the initial Lagrangian L(G(0), §(0)) of Eq. (A2) using
the change of variables of Eq. (AS),

LE(1),X(1)) = —L(G(9), §(6))
= —15%6) - §(6).AG©®) + V(G®))
= 13%(t) — iZ(0).AF1) + VE®)). (A7)

The classical Lagrange equations of motion of Eq. (A3) trans-
late into the similar form in the Euclidean time ¢ = i0,

d (ALE@), X))\ _ ILE®), X(1))
dt A%(t) B 9x(1)

) (A8)

since these classical equations of motion correspond to the
optimization of the action of Eqs. (A4) and (A6).

d. Euclidean Lagrangian when the vector potential
is purely imaginary A X)) = —iAnew )

The real Lagrangian L(g(6), cj(@)) for real time 6 of
Eq. (A2) has become the complex Euclidean Lagrangian
L(X(t), X(t)) for Euclidean time ¢ of Eq. (A7). However, if
the vector potential is purely imaginary,

AR) = —iA"™vY (%) with A™¥ (%) real, (A9)

then the Euclidean Lagrangian £(X(¢), )%(t)) of Eq. (A7) be-
comes real,

LE1), X(t)) = 33%(1) — ¥(1).A"Y (F(@)) + V(E®D)). (AL0)

This is the Lagrangian that appears in Eq. (40) of the main
text, where A"V (X) is denoted by A(X) to simplify the nota-
tion.

2. Hamiltonian perspective
a. Classical mechanics via the Hamiltonian perspective

In the presence of a vector potential X(cj(@)), the classical
momentum 7 () defined as the derivative of the Lagrangian
L(§(0), (0)) of Eq. (A2) with respect to the velocity §(6) in-
volves both the velocity §(6) and the vector potential X((j(@)),

_ 0L(G(6),40)) _

7(0) = . =G0)+A@G®). (All
7(0) 25(6) q0) (4(0)) (A11)
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The classical Hamiltonian Hcjassical (G(0), 7 (6)) is a function
of the position () and the momentum 7 (0) that can be
obtained from the Lagrangian L(g (), §(6)) via the following
Legendre transform, where the velocity g(6) has to be rewrit-
ten in terms of the momentum 7 (6) using Eq. (A11),
Henassica (G(9), 7 (0)) = 4(0).7(8) — L(G(6). §(0))
= (7(0) — A@§(0))) - #(6)
— (@ (60) — A§(6)))
—(7(6) — AG(©)) - A@G(6))
+V(G(®))
= 3(#(©0) = AG©)))* +V(G(©)).
(A12)
In the Hamiltonian perspective, the classical equations of mo-

tion are first-order differential equations for the position (6)
and the momentum 7 (6),

0Hlassical (q(e) (0 ))

q) = 270 #(0) — A(G(0)),
ﬁ(@) _ aHClassical(_‘?(e)a ﬁ(@)) (A13)
9.4(9)

b. Quantum mechanics via the Schridinger equation
involving the Hamiltonian operator

In the Schrodinger perspective of quantum mechanics, the
amplitude (g, ®|go, 0) satisfies the Schrodinger equation

;3G Olg0. 0)

PYe) = HQuantumw(qv ®|qu 0)7

(Al4)

where the Hamiltonian operator Hguanwm 10 the position basis
can be obtained from the classical Hamiltonian Hejagsica (G, 7)
of Eq. (A12) via the replacement of the classical momentum
7 by the Hermitian differential operator —i %,

0
G’

T — —i

(A15)

with the result

1/ .0 -_\ B
HQUHHtum - HQuantum = z (_la_q. - A(Q)) + V(‘])

2

Lo” () + 0 i@
= l —_— —_—
To2ap M 295 A4

+ EAZ@ +V(§). (A16)

¢. Schrodinger equation in Euclidean time

The translation of the Schrodinger Eq. (A14) into the Eu-
clidean time T = i® of Eq. (A1) reads

Y (X, T'1Xo, 0)

aT = HQuantumW()_éa T|550, 0),

(A17)

where the Euclidean quantum Hamiltonian Hquanwm 1S the
same as the quantum Hamiltonian of Eq. (A16) up to the

notation replacement § — X,

1/ 8 - \ .
HQuantum - HQuantum = 5(_1__. _A(x)> + V(@)

ax
-1 aw L (L e
= o TN ol AT
+ 5A’Z(;z) +V@). (A18)

d. Euclidean quantum Hamiltonian when the vector
potential is purely imaginary AF) = —iA"* (¥)

The Euclidean quantum Hamiltonian Hquanwm ©Of
Eq. (A18) is Hermitian but complex-valued. However, when
the vector potential is purely imaginary A(¥) = —iA™" (%), as
already considered in Eq. (A9), then the Euclidean quantum
Hamiltonian Hquanwum of Eq. (A18) becomes real-valued,

1 : 9 + ANew (= ? =
HQuantum =-|—iz +HiA™@E)) +VE)

2 0x
1/ - :
= —§<£ —A“eW(2)> +V@)
1 82 +AHCW( ) d 4 1 0 A’neW(->)
e [ _ — . X
2 9x2 ox 2\ ox

— 5@“”@))2 + V@), (A19)

but non-Hermitian Hquanwm 7 H since its adjoint reads

Quantum

T 1 d Anew 2 =
Haam = 5 —i5= — 0™ @) +V)

I B

=5\ 5 +A™®@) ) +V )
19> 3 1[0 .

— __ — Anew gy _ - . Anew y
2032 -3 72 <ax’ m)

- %(A’“W@))Z +V(®). (A20)
The non-Hermitian quantum Hamiltonian of Eq. (A19) plays
a major role in the present paper, since it appears naturally
with other notations for A™¥ (%) both in Egs. (13) (16) of the
Introduction, and in Eq. (36) of the main text, while it has
also been previously considered for other purposes [123,124].
More generally, non-Hermitian physics is nowadays very rel-
evant for many interesting applications in various fields (see
the review [125] and references therein).

APPENDIX B: APPLICATION TO DIFFUSIONS WITH
FORCES Fy(X) AND UNIFORM DIFFUSION MATRIX D

In this Appendix, we mention how the analysis described
in the main text can be applied to diffusion processes X (¢) in
dimension N involving a space-dependent force F(X) and a
space-independent diffusion matrix D.
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1. Initial diffusion process X (t): Forces F, (f ) and
space-independent diffusion matrix D

Let us consider the diffusion process X (), where the
N components X, (t) for n=1,..,N follow the Langevin
stochastic differential system involving the N independent
Wiener processes w,(t),

N
dX,(1) = F(X () dt + ) Gundwin(1).

m=1

(BI)

So the parameters are the N arbitrary space-dependent force-
components F,(X) and the space-independent matrix G =
[Gm] of size N x N. The symmetric diffusion matrix D = D7
can be obtained from the matrix G and its transpose GT,
D =3;GG". (B2)
2. Rescaled process ¥(¢): Forces f,(¥) and
trivial diffusion matrix d = 11

We will assume that the matrix G = [G,,,,] is invertible
to make the following change of variables from the initial
variables X,,(¢) to the new variables x,,(¢) via

N
%) =) (G X,(@). (B3)

n=1

N
Xo(t) =Y Gunn(0),
m=1

This matrix transformation allows us to obtain the simpler
Langevin system for the new variables x,,(¢),

N
dxn(t) = Y (G )dXy(t)

n=1

N N
= > (6 [Fn(G)?(t)) ity Gn,dwm}

n=1 =1

= £,3@)) dt + dw, (1), (B4)

where the new diffusion matrix is simply proportional to the
identityd = 1 51 with the diffusion coefficient . 5» while the new
N space—dependent force-components f,,(¥) read

N
= 2 _(G)umF(G).

n=1

Sm() (B5)

So the analysis described in the main text can be applied to
the rescaled process X(r) satisfying the Langevin system of
Eq. (B4) that coincides with Eq. (33). This rescaling pro-
cedure will be useful in Sec. VI concerning the Brownian
gyrator.

APPENDIX C: ORNSTEIN-UHLENBECK PROCESSES:
EXPLICIT SOLUTIONS VIA THE
DIAGONALIZATION OF THE MATRIX T

In practice, when one wishes to obtain explicit results for
the Ornstein-Uhlenbeck processes considered in Secs. IV, V,
and VI of the main text, one needs to introduce the spectral
decomposition of the matrix I' [85,86], as recalled in the
present Appendix.

1. Spectral decomposition of the matrix I'

The spectral decomposition of the real matrix T involves
its N eigenvalues y,,

N
L= v|v)ve
a=1

where the correspondmg right eigenvectors |yX) and left
eigenvectors (yL|,

) (ChH

Llye) = velva) (va|F = velrl: (€2)
satisfy the orthonormalization and closure properties
N
(v lvg) = dup. D Irallrd| =1 (C3)

a=1

The corresponding spectral decomposition for its transpose
I'" that coincide with its adjoint I'T reads

N
T= vrlvivE
a=1

(C4

2. Explicit solution for the average values |ji(¢))

Using the spectral decomposition of Eq. (C1), the ket
|[7i(2)) of average values of Eq. (148) become

My l5)-

N

2 :e—yat )/(f

a=1

@) =e "5 = (C5)

So the average values u,(¢) = x,(¢) are linear combinations
of simple exponential behaviors e~ 7+’ with respect to the time
t that involve the N eigenvalues y,,

N

= (nlye ™ (v |5)-

a=1

pn(t) = (nlji (1)) (C6)

3. Explicit solution for the connected correlation matrix C(¢)

Similarly, the connected correlation matrix C(¢) of
Eq. (153) can be rewritten using the spectral decompositions
of Egs. (C1) and (C4),

t
C(t)=/ dre Tte Tt
0

t N
= / dt <Z e—)/a‘[
0 a=1

N N
= ZZ Cap s |
a=1 =1

where the matrix elements Colfg (r) display simple exponential
behaviors with respect to the time ¢,

t
CRR(t) _ </ dre(y‘**]’;ﬁ)(yﬂy;)
0

1 — e ety

_Ll—e T L)L
=57 {va|vg)

yfxyﬂ) ,ge”ﬁ”ww

(€7

(C8)
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with their limits for t — 400, In particular, the determinant of the matrix C(t) = [C,,,(¢)]
Ll L can be obtained from the product
RR RR <ya |Vﬂ)
Cup = Copt = +00) = ——. (C9)
Yo + 75 det(C(1)) = det(K) det(CRR(¢)) det(K")
USing the matrix K, — det(CRR(t)) det(KTK), (CIZ)
Ko = (n]yd), (C10) .
) ) where the matrix KK,
the matrix element C,,,(¢) of Eq. (149) can be then obtained
. L
via .
T _ T _ R R\ _ | ,R|.,R
N N (K K)ﬁ"‘ - ZK nK”D‘ - Z(yﬁ ’I’l)<l’l|)/a> - (yﬁ ’yot >’
Con®) = 3 3 (n[yE)CER )y |m) = (KCKR®K),0. =l "
o (C13)

(C11) involves the scalar products of the right eigenvectors.
|

4. Explicit solution for the inverse ®(¢) = [C(z)] !
The matrix ®(1) = [C(1)]™" of Eq. (156) will have simple matrix elements ®.%(¢) in the basis

<I>(z)—ZZ|ya Q7 (C14)

a=1 g=I

Indeed, using Eq. (C3) the conditions for the matrix inversion

N N N N N
IEX GO DIPPALFAG74 sz ICE OWEL) =23 )| 20 dasCEs o | (vl
a=1 =1 o'=1p'=1 a=1 p'=1 B=1
N N N N N
1=coen = > [nch Ol ZZIVQ s Olgl| = ZZIya’?)(ZCRRa)d*é(w)wﬂL! (C15)
a'=1p'=1 a=1 =1 o’'=1 =1 a=1

yield that the coefficients should satisfy
N N
D RLEOCES (1) = bap. Y CRRODLE() = Surp. (C16)
The matrix element ®,,,(¢) in the initial basis can be then reconstructed via

nma)—zz nlya ) @LEOyg | m). (C17)

a=1 p=1

5. Solving the perturbative expansion of Section VF 2

Similarly, the spectral decomposition of the matrix I' of Egs. (C1) and (C2) is useful to solve the perturbative expansion
discussed in Sec. VF2 of the main text. For instance, the projection of Eq. (261) onto the right eigenvectors on both sides

Vol Vg,
BLO] . 0]
W) = {7 (04 2 ) )+ (9 = 25 el
B! . B¢
= a1 + 25 )+ 1 (30 = 25
* R|~~(1)|.,R * R B©] R
= O + vl X Nvg) + 0 = volvel | =i (C18)

allows us to compute the matrix elements of the first-order-correction matrix YO via

(W) = o = vl 55 k)
Yo T VB

(v | X Olyf) = (C19)
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6. Application to the Brownian gyrator in dimension N = 2

In this subsection, we apply the general formalism described above to the Brownian gyrator model of Sec. VL.

a. Spectral decomposition of the matrix T

The spectral decomposition of Eq. (C1) reads for the matrix of Eq. (285)

1 up
r= <£ 1 ) =y lyD i+ vy ot (C20)
P
where the two eigenvalues y. involve the parameter u,
yr=1=xu. (C21)
The corresponding right eigenvectors
V8 = — ( 1 ) (C22)
Vi)l = = 1
V2 \£;
and left eigenvectors
1
(vil=—2(1 =*p (C23)
+ ﬁ( )
involve the parameter p and satisfy the orthonormalization relations
L|. R 1 1 1 4
VEvE) = (1 ep)| 1) =0 +e€) =50, (C24)
2 € P 2
while other scalar products that will be useful below read
1 1 1 + e€'p? 1 1+
L|. L\ _ _ R|., R\ __ € _ 4
(relre) = 501 ép)(e,p) =g Wlel=30 Dle )= (€25)

b. Explicit solution for the average value |ji(t))
The average value of Eq. (C5),

@) = 12@) = e "5) = e " yRV L) + e YRV ) = 1B Oy Ry + nR@)1yF), (C26)
involves the coefficients
R oyt Ly~ [ N1 + pyz) R oyt L=\ o —(1—u)t (yl - /)yZ)
t)=c¢e =e _ ], “(t)=¢e o =e — . C27)
uy(t) (vi1y) < NG uZ() (yZ1y) 7 (

The average values w,(¢) = x,(t) are then obtained via the linear combination of Eq. (C6) using the right eigenvectors of
Eq. (C22),

R + R
i) = (1Ham) = (HyH k@) + (1yPul @) = % = e~' cosh(tu)y; — e sinh(tu)y,,
R _ R —t
pa(t) = 21y = 2lyfyul @) + elyFyuf @) = % = —% sinh(fu)y, + ¢~ cosh(tu)y,,  (C28)

in accordance with Ref. [96], where this result is obtained thanks to standard Laplace transform techniques.

c. Explicit solution for the connected correlation matrix C(t)

The correlation matrix C(¢) of Eq. (153) can be expanded via Eq. (C7),

Ct) = lyHYCER @)y B + 1y2)CRR ) (v BT + 1y BYCER () (v R | + 1y BYCER () (), (C29)
with the components of Eq. (C8) using the left eigenvectors of Eq. (C23),
1 — e—2y+t (] _ e—2(l+u)1)(1 + /02) 1 — e—2y,z (1 _ e—2(l—u)r)(1 + ,02)
CRR(t) = ———(yklyh) = . CRRy = —tiyh = ,
2y, 4(1 4+ u) 2y_ 41 — u)
1 — e tr-x (1—e )1 - p?) 1 — e~ Ot (1—e )1 - p?)
CRR(t) = ————(ykiyh) = , CRRty=—@iivh = =C¥@).
* vi+y- T 4 * vety- T 4 *
(C30)
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The determinant of this symmetric matrix CRR,
D(t) = det(C™ (1)) = CHE()CE (1) — [CFR (1))
(1 _ e—2(1+u)l)(1 _ e—Z(l—u)t)(l + ,02)2 (1 _ e—2t)2(1 _ ,02)2

= — , C31

16(1 — u?) 16 €D

and the determinant of the matrix of Eq. (C13) of the scalar products of the right eigenvectors of Eq. (C25),

R|,,R R|.,R\, Rl R R|,,R\,. R|. R 1+#2 1_#21
det ((re'lve)) = v ElvD) = il D ) = | — -\ = (C32)
allows us to compute the determinant of the matrix C(¢) via Eq. (C12),
D(t
det(C(1)) = det(C*R (1)) det (yX1y5)) = # (C33)
0

d. Explicit solution for the inverse ®(t) = [C(t)]™!
The elements of inverse matrix of Eq. (C14),
(1) = [COHI™" = [y R O] + Iy @5 ) (vE| + Iy H @i Ok + Iy @M () (vf (C34)
satisfying Eq. (C15) read in terms of the notation D(¢) of Eq. (C31),

Cfli(t) B (1 _ 672(17u)t)(1 4 p2) Cﬁli(t) B (1 _672(1+u)z‘)(1 + ,02)

L (1) = Do , ()= = ,
(t) 4(1 — u)D(t) D(t) 4(1 4+ u)D(t)
L I o CR@ (A=) -p")
QL (1) =D (1) = P (1) = Do) AD() . (C35)

The matrix element ®,,,(¢) in the initial basis can be then reconstructed via Eq. (C17),

QL (1) + DL (1)

(1) =Y > (lyH)etmlvi) = 5 + oL (1),
€=t ¢'=4
OLE (1) + DL (1)
¢22<z)_§2 2|lyh)el @vi|2) = [ e —d>“<)]
PLL _ L
o)=Y > (1lyHet.(mvt]2) = [ ++(t)2 “(’)}. (C36)
€=t ¢e'=+

e. Gaussian propagator P(X,t|y, 0)
The Gaussian propagator of Eq. (155),

PG, 1]5,0) = ! =0 CEOE o () B2 00kt =11 )l — 0] (C37)

T 27./det(CQ))
can be then obtained from the average values wu,(¢) = x,(¢) of Eq. (C28), the matrix ®,,, () of Eq. (C36), and the determinant
of Eq. (C33).
[ Gaussian steady state P*(X) in the parameter region u €] — 1, +1[

In the parameter region u €] — 1, +1[, the average values u,(¢) = x,(¢) of Eq. (C28) converge toward zero for t — 400, so
the propagator of Eq. (C37) will converge toward the steady state

1
21 4/det(C)

The correlation matrix elements of Eq. (C30) converge toward the finite values

X2 XZ
PX(3) = e~ P T —PnF—Ppnx, (C38)

RR _ 1+ p? RR _ 1+ p? RR:1_p2 (C39)
40 4wy Y TG TE7) 4
The corresponding limit for the determinant of Eq. (C31),
1 2y2 1— 2y2 + u(l— P %)
= der(CR) = R eme _ (e (L4 (-0t (T 3 (C40)

16(1 —u?)y 16 4(1—u2) ’
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allows us to compute the matrix elements of Eq. (C35),

w C 1+ pH(U+u) ol CRR - (1+p»)(1 —u) w_ O A =pH—u) (CAD)
++ = = -— = = +- = =
DT ()] DT (Y DT ()]
Finally, Eq. (C36) yields the matrix elements ®,,, in the initial basis
O = oL+ ot w200+ 1 —pPud _ z|:q>§rL++<D£L— _¢LL] _ p*[2 - (1 = p*)]
- +- u(l 0?) - = u(l ) ’
2 [o>+ (322)7] 2 [o?+ (322)7]
oLl — pLL o(1 4+ p*)u
By = ,0|: ++ 5 :| = PRI (C42)
[0? + (“52)]
APPENDIX D: QUANTUM PROPAGATORS ASSOCIATED TO QUADRATIC LAGRANGIANS
In this Appendix, we focus on the non-Hermitian electromagnetic quantum mechanics for the following potentials:
(i) When the scalar potential V (X) is quadratic and parametrized by some constant V; and some symmetric matrix W,,,, = W,
NN ow
VE) =V + 2_1: 2_1: = (D1)
(i1) When the vector potential X(?c) is linear and parametrized by some matrix Ay,
N
An(®) == A, (D2)
m=1
corresponding to the constant antisymmetric magnetic matrix,
Bnm = 81114m()_é) - amAn()_é) = Anm - Amn- (D3)
1. Path integral involving a quadratic Lagrangian: Propagator in terms on the classical action S,; (¥, ¢|y, 0)
The goal is to compute the Euclidean non-Hermitian quantum propagator
R(r=1)=F% , .
Y, 1]7,0) = / DE(1)e o ATLEDI@) (D4)
F(r=0)=7

where the path integral involves the quadratic Lagrangian associated to the electromagnetic potential of Egs. (D1) and (D2),

. 1. . -
LE@), X(0) = 33 (1) = ¥(©AGE) +VE) = Zx (r)+ Z an(r)Anmxmm + Z Z

n=1 m=1 n=1 m=1

(D5)

As discussed in textbooks on path integrals in chapters concerning quadratic Lagrangians, the path integral of Eq. (D4) can
be explicitly computed in terms of the action S, (X, t|y, 0) of the classical trajectory X(7) satisfying the boundary conditions
X(t=0)=yand X(r =t) =X,

_ 028,4(.117,0)
det( Oy Oy )e— o1 (X,2]¥,0) (D6)

Q2m)N

V(. 1]y, 0) =

where the prefactor that takes into account the integration over the Gaussian fluctuations around the classical trajectory involves
the famous Van Vleck determinant of 1928 [126]. The quantum propagator of Eq. (D6), which is exact for Gaussian Lagrangians
as recalled above, is of course also very much used within the semi-classical approximation for quantum mechanics, where it
corresponds to the leading saddle-point evaluation of the path integral.

As a final remark, let us stress that besides the formula of Eq. (D6) that will be used in the present paper, there are of
course many other methods that have been developed to compute Gaussian functional integrals, as discussed in textbooks on
path integrals. Let us mention in particular the Fourier-basis method that has been used to compute the large deviations of the
entropy production for Ornstein-Uhlenbeck processes in dimension N [99] and of the heat in the Brownian gyrator in dimension
N = 2 [87] via an integral over the frequency of the logarithm of the ratio of two determinants.
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2. Computation of the classical action S, (¥, |y, 0) via the Lagrangian perspective
a. Lagrangian equations of motion for the classical trajectory

As recalled in Eq. (A8), the Lagrange equations of motion for the classical trajectory X(7) read

d (az:(Jé(r),je(f))) ALE(D). X))

= — : (D7)
dt 3%, (1) ax,(7)
The derivatives of the quadratic Lagrangian of Eq. (D5) with respect to the velocities x,(7) represent the classical momenta
pl’l(r)a
IL((T), (1) _ . ZN
Pn(f) = = xn(‘[) + Anmxm(t)a (DS)
9x,(7)

m=1

while the derivatives of the Lagrangian of Eq. (D5) with respect to the positions x,(7) read

IL(F(T), ¥(T))

N N
3xn(-,;) = mX:; ).Cm(T)Amn + mX_: anxm(r)_ (D9)

=1

These derivatives of Egs. (D8) and (D9) can be plugged into Eq. (D7) to obtain the Lagrangian equations of motion as second-
order differential equations for the positions x,(7),

d N N N
0= E (xn(f) + Z Anme(T)) - me(T)Amn — ;‘/Vnmxm(f)

m=1 m=1
N N N N
=500+ Y A = A& (T) = Y Wi (1) = £0(0) + Y Bundn(T) = Y Wonin (7). (D10)
m=1 m=1 m=1 m=1

The second term involving the magnetic matrix B,,, of Eq. (D3) and the velocities x,,(7) represents the generalization of the
Lorentz force in arbitrary dimension N and does not depend upon the gauge choice for the vector potential. The linear system of
Eq. (D10) can be rewritten in matrix form as

5 S - 2 d - -
0= [X(7)) + BIX(7)) — W[X(7)) = <1P + BE - W) [X(7)) = M(7)|X(1)), (D11)
where we have introduced the second-order differential operator M(7) that involves the constant matrices B and W,
M(7) ld2 +Bd W (D12)
=1— — —W.
dt? dt

The standard method to solve this dynamics is to consider the expansion into eigenmodes as described in the next subsection.

b. Solving the Lagrangian classical equations of motion via an expansion into eigenmodes

Eigenmodes with a simple exponential time-dependence
[%(1)) = " |Z0) (D13)
will satisfy the dynamical system of Eq. (D11),
0= (0*1 4+ wB —W)|Z,) = M,|Z,), (D14)
if |Z,,) is a right eigenvector associated to the eigenvalue zero for the matrix M,, of parameter w,
M, = 0’1+ wB - W. (D15)
Therefore, the possible values for @ can be found from the condition of vanishing determinant for the matrix M,,,
0 = det(M,,) = det(w’1 + wB — W). (D16)

This polynomial equation of degree (2N) will have (2N) solutions w; withi = 1, .., 2N, and the corresponding eigenvectors |Z,)
will satisfy Eq. (D14),

0 =M,,|Z,)- (D17)

The general solution of the equation of motion (D11) is then obtained as a linear combination of these (2N) eigenmodes,
2N
B(T) = Y mie” [2a), (D18)
i=1
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where the (2N) constants 7; have to be determined by the boundary conditions at T = 0 and at T = ¢,

2N
) = F@ =0) =) nilz). [ =I%r=0)=>)_ ne|z,). (D19)

For the classical action below, one will need the velocity obtained from Eq. (D18),

¥(7)) = Z niwie”|Z.,), (D20)
at the initial time v = O and at the final time 7 = ¢.

c¢. Evaluation of the action S (¥, t|y, 0) of the classical trajectory

For this classical trajectory X(t ), one needs to evaluate the corresponding action S, (X, 7|y, 0) that involves the Lagrangian of
Eq. (D5),

Sa (%, 115, 0) = / dTL(¥(7), ¥(7) = / dr [— PBEACIRE Z me)Anmxm(r) + Z Z —xnu)xm(r) + vo]
0

n=1 m=1 n=1 m=1

(D21)

The first term corresponding to the kinetic energy can be rewritten via an integration by parts that allows us to use the equation of
motion of Eq. (D10) to replace the accelerations X, (7) to obtain

t t t N N
f dfxﬁ(f) = [xn(f)xn(f)]:zz) - / drxn(‘[)jén(f) = [xn(f)xn(f)];ié) + / dtxn(f)|:z Bnmxm(T) - Zanxm(T)]-
0 0 0 m=1 m=1

(D22)
Plugging this expression into the action of Eq. (D21) yields
Se (%, 113, 0) = % é {[xnmxn(r)]i:a + / drxn(f){z Bunon (1) — ; anxm(n] }
f dx [Z 3 i (0) At (1) + Z Z ()0 (0) + Vo:|
parpom pofp
i AT x”(o)x”(o) + ZZ / dtx,,(r)( o — D )xm(r) +1Vp. (D23)
p pr

While the classical trajectory X(t) solution of Eq. (D10) is gauge-invariant, the value of the classical action S, (X, ¢|¥, 0) depends
on the gauge via the second term that involves the matrix A,,, parametrizing the vector potential of Eq. (D2) and not only the
magnetic matrix of Eq. (D3). In terms of the Coulomb vector potential AS°"°™° (%) discussed in Eq. (192) of the main text and
the corresponding gauge transformation of Eq. (193) involving the function

yCoutomy ) — <a?|<A A )|x>, (D24)

the second term of Eq. (D23) can be rewritten as

P N
ZZ / drxn(r)< wn— )xm(r) Z / i, (D) (AT (F (D)) — A, ((1))) = / dr ) & (T)0, MO (F (7))
n=1

n=1 m=1 0

— / drarvcoulomb()—é(r)) — [UCoulomb()—C»(T))]Zii) — UCOulomb()—C'(t)) _ UCOUlomb(f(O)).

0
(D25)
Plugging this result into Eq. (D23) yields the final result for the classical action
%(t).X(t) — %(0).%(0
Scz(J_C', t|5;, 0) _ X( )X( ) zx( )X( ) + vCoulomb()—é(t)) _ vCoulOmb()—é(O)) +tv()
%X(1) — §.%(0
— X.X(t) 5 M x(0) 4 UCou]omb()-é) _ vCoulomb(y) + 1V, (D26)
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where one still needs to compute the initial velocity )?(O) and the final velocity )?(t) in terms of the initial position X(z = 0) = §
and final position X¥(t = ¢) = X from the solution of Egs. (D19) and (D20).

d. Example in dimension N = 2

To be more concrete, let us now show how the general framework described above can be applied in dimension N = 2. The
2 x 2 matrix M, of parameter w of Eq. (D15) read in terms of the magnetic field B = Bj; = —B,; and the symmetric matrix W

(D27)

M, =l toB_we| @ W @B-Wa
@ - —O)B—le wz—sz ’

The possible values for w are the solutions of Eq. (D16),
0 = det(M,,) = [@® — Wi l[w? — Wal + [0B + Wial[wB — Wia] = &' + 0?[B* — (Wi1 + Wa)l + (Wi Way — W)3). (D28)

The two solutions 2. of this second-order equation for w? read

Wiy + Wa) — B2 £ VA

2
_ D29
i 5 (D29)
in terms of the discriminant
2

A= [32 - (W + sz)] — d(Wy Wy — WD) = B —2B*(Wyy + Wa) + (Wi — Wap)? + 4W)3. (D30)

So one obtains that the four roots of Eq. (D28) are of the form w; = (fw,; w_) with

W W) — B2 £ VA

wi = Ja? = \/( nt 22)2 ‘/_. (D31)

For later comparisons with other methods, it is useful to mention their product and their sum,

Wi+ Wa) — B2 — A
wio = \/[( & Di ] = /Wi Wy — W3 = \/det(W),
0y to-=(oy +o )= \/ (0 4+ 0?) 4+ 2w 0 = \/ (W11 + Wy — B?) +2/det(W). (D32)

The general solution of the equation of motion (D11) can be written as the linear combination of Eq. (D18),

[F(7)) = nape® T2y p_pem @ T Z ey 4oy e TRy 4o _em Tz, (D33)

with the following notations:
(1) The four eigeneigenvectors |7*) should be computed from Eq. (D17),

W= Wi B — Wi [
O — Mwi|2[(1)i]> — ( i 11 12 1 , (D34)

—wB—=Wi @] =Wy )\
so that one can choose
4 = w? = Wa, 2 = B+ Wi (D35)
(ii) The four constants 7 4 have to be determined by the 4 x 4 linear system fixing the boundary conditions at T = 0 and at
v =t of Eq. (D19),

yi=x(r =0) = eyttt 4 gt e

= (@5 — W)t + 0—) + (@2 — Waa)(n— + n—),

Y2 = .XQ(T = 0) = T}++Z£+w+] + 7’]—+Z[27w+] + 77+—Z£+w7] + n—-Zgﬁwi]

= [Boy + Wiplny + [-Boy + Wipln—y + [Bo_ +Wiplny— + [—Bo_ + Wialn__,

wJZE-H'L] 7wJZE_w7]

xp=x1(t =1) = nyye® O o emet e gy e

= (wf — W) (e iy + e n_y) + (@2 — W) 'nie +e "),

+n__e

X =x(t=t)= n++ew+rzg+w+] + n7+e—w+rzg—w+] + n+7ew,tzg+w7] + n,,efw’tzg_w’]
= [Boy + Wiple” iy + [—Bwy + Winle™*'n_y + [Bo_ + Winle” 'ni_ + [-Bo_ + Wiple ™ 'n__.  (D36)
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The initial and final velocities )?(r) of Eq. (D20)att =0and t =1,

11(0) = (@F = W) (14 = 0-4) + (@2 = Wa)o_ (14— = n--),

0(0) = [Boy + Winloinyy + [Boy — Wiloin—y + [Bo- + Wilo_n, - + [Bo- — Wilo_n-_,
11(1) = (@) = Wa)o (€' — e n_g) + (02 = Wn)o_(e” 'y — e 'n_y),

X2(t) = [Boy + Wilwye® ' nyy + [Boy — Winloge 'n_y + [Bo_ + Wiplw_e”"'ni_ + [Bo_ — Wiplw_e 'n__,

(D37)
and the function VU™ (%) of Eq. (D24),
A+ AT A A Ap+ A
vCoulomb()—C») — ()-él + |)_C'> — Jx% ﬁx% + MXIXZ, (D38)
4 2 2 2
allows us to compute the action of Eq. (D26),
X (t Xo(t) — y1.%1(0) — ¥, (0

S (x1. X2 1131, v, 0) = x1.X1 (1) + x2.%2(2) — y1.%1(0) — y2.%2(0) 4 yCoulomb gy Coulomb 5 4 1/ (D39)

2

So even in dimension N = 2, this method is somewhat heavy and it is thus much simpler to obtain the classical action via
another method that will be described below.

3. Computation of the classical action S, (¥, ¢y, 0) via the alternative Hamiltonian perspective
a. Hamilton’s equations of motion for the classical trajectory

Instead of the Lagrangian second-order equation of motion for the position X¥(7) discussed in Appendix D2 a, one can use
the Hamiltonian perspective where one writes first-order differential equations for the positions x,(¢) and the momenta p, () of
Eq. (D8). This definition of Eq. (D8) for the momenta already gives the first-order dynamics for the positions x, (),

N
(1) = pa(T) = Y ApnXn(2). (D40)

m=1

Then Egs. (D7) and (D9) give the first-order dynamics for the momenta p, () after the elimination of the velocities x,(7) via
Eq. (D40),

N N N N
pn(f) = ).Cm(T)Amn + Zanxm(T) = me(f)Amn + Z (Wnl - Z AmZAmn)xl(T)

m=1 m=1 =1 m=1

A )P (D) + > (W — (AT M) (7). (D41)
=1

N
m=1
N N
m=1
The dynamics Egs. (D40) and (D41) can be summarized in the matrix form as

() = Ip(0)) — AIR(2)),  1(0)) = AT|p(0)) + (W — AT A)IZ(2)), (D42)

or equivalently with a ket of size (2N) containing both the N positions x,(7) and the N momenta p,(7),

d (|x(0)) _ 1%(7))
dr (Iﬁ(r))) - M(m(r)))’ (D43)

where the matrix M of size (2N) x (2N) displays the following structure in terms of four blocks of size N x N:

A 1
M=\ w_ara) ar) (Dad)

b. Solving the Hamiltonian classical equations of motion via the spectral decomposition of the matrix M

The technical advantage of the Hamilton first-order dynamics of Eq. (D43) is that the solution can be written in matrix form

in terms of the initial condition,
(F) — e (FO7) o
|p(T)) |7(0))
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It is thus useful to introduce the spectral decomposition of the matrix M of Eq. (D44) using block notations,

2N -, 2N >, N . N
=N | e
= i , ) 1) = i § ! . o, D46
M ?"(lﬁm Gl D= 2o ghyet | paiyat ®49)

in terms of its (2N) eigenvalues w; and the corresponding right eigenvectors and left eigenvectors,

s —a(B0), @l Mo
|ﬁ*R) l |7?c§,> ’ Wi ;i T\ Pw; ;i

;i

), (D47)

satisfying the standard orthonormalization and closure properties.
Plugging the spectral decomposition of Eq. (D46) into the solution of Eq. (D45) yields the expansion into eigenmodes with

simple exponential time-dependence
FEN _ S~ o (N o | o (pz(on) S
- i i = e i, D48
(o) = 2 ()61 2D oy ) = Zome( 1 D48)
with the coefficients

ni = (2, [¥O)) + (72, |PO)). (D49)

Let us now mention the correspondence with the expansion of Eq. (D18) within the Lagrangian perspective. The eigenvalue
Eq. (D47) for the right eigenvector can be decomposed into the two following equations for the blocks using Eq. (D44),

0=(w1+ M) —|7L), 0=(i1 = ADH|FE)— W - ATA)[Z). (D50)
As a consequence, one can apply (w;1 — AT) to the first equation and use the second equation to obtain a closed equation for
),
0= (i1 — AT ) (@1 + A2 ) — (@il = AD|7E) = (01 = AT )@l + A)[ZR ) — (W — ATA)[ZE)
= [0/ 1+ oi(A — A)) = W]|Z8 ) = [0]1+ 0B — W]|Z8 ) =M, |28 ), (D51)

which coincides with Egs. (D15) and (D17) of the Lagrangian perspective, as it should for consistency.

¢. Evaluation of the classical action S.(¥,t|y, 0) in the Hamilton perspective

_ To translate the action of Eq. (D26) into Hamilton’s variables, one just needs to use Eq. (D40) to replace the initial velocity
X(0) and the final velocity X(¢) in terms of the initial and final positions and momenta,

N N N N
%,(0) = pn(O) - Z A (0) = pn(o) - Z Anmymv X, (1) = pn(t) - Z Ay (1) = pn(t) - Z Ao, (D52)
m=1 m=1 m=1

m=1
to obtain
X.p(t) —y.p(0)
2

where the new function & (¥) is found to vanish when using the symmetrization of the first part and the explicit form of vCoUomb ()
in Eq. (194),

Sc(%,115,0) = +5X) —50) + W, (D53)

N N A N N A + A
%_()_5) - _ Z ZXn 2mn X, + VCoulomb()—é) - _ Z Z Wxnxm 4 vCoulomb()-C') =0. (D54)

n=1 m=1 n=1 m=1

So the classical action of Eq. (D53) reduces to

X|p)) — (¥|p(0
S 1[5, 0) = (x|p@)) . (¥1p(0)) iV, (D55)
where one still needs to compute the initial momentum p(0) and the final momentum p(¢) in terms of the initial position X(0) = y

and final position X(¢) = X from the solution of Eq. (D43).

d. Taking advantage of the gauge freedom to choose a new gauge A that simplifies the Hamiltonian dynamics

Hamilton’s equations of motion involve the momenta p,(t) as variables and thus depend on the gauge choice for the vector
potential via the matrix A, in contrast to the Lagrangian equations of motion of Eq. (D11) that only involved the magnetic matrix.
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As a consequence, a natural question is whether it can be helpful technically to choose another gauge,

N
A®) ==Y A, (D56)
m=1
parametrized by the new matrix A instead of A, with the same antisymmetric part fixed by the magnetic matrix B = —B7,
A—AT=B=A-A", (D57)

but whose symmetric part could be chosen to simplify the corresponding matrix M of Eq. (D44),
. —A 1
M = oo e D58
((W —ATA) AT) (D58)
by making its left-lower block vanish,
ATA =w. (D59)

Indeed, as described in Sec. IV C of the main text concerning the matrix M of Eq. (170) whose left-lower block vanishes, the
Hamiltonian dynamics is then very simple. The huge simplification produced by the vanishing of left-lower block in the matrix

of Eq. (D58),
. A 1
M = o |s (D60)
0 AT

can also be seen by considering its (2NV) eigenvalues w; that are the solutions of the characteristic polynomial of M that can now
be factorized with respect to its two diagonal blocks,

0 = det(wlyy — M) = det(wl + A) x det(wl — AT). (D61)
Hence, the (2N) eigenvalues w; of M are directly related to the N eigenvalues )OL,' of the matrix A:
(1) the vanishing of the first determinant gives the first N roots w; = —)0\[ fori=1,..,N.
(i1) the vanishing of the second determinant gives the other N roots wy+; = )OL;* fori=1,.,N.
Since the condition of Eq. (D59) corresponds to w quadratic equations for the w matrix elements of the symmetric

part (A + AT) that should be computed in terms of the w matrix elements of the antisymmetric magnetic matrix B and the

w matrix elements of the given symmetric matrix W, the solution of Eq. (D59) is not unique. Among the various solutions

A satisfying Eq. (D59), it will be convenient to choose the solution with good relaxation properties as the matrix I' of the main
text, i.e., the solution A whose N eigenvalues A; have positive real parts,

Re(%;) > 0. (D62)
The example of the dimension N = 2 is described in the next subsection.
e. Computing the simple gauge A in dimension N = 2
Let us now describe how the simple gauge A satisfying Eq. (D59) can be found in dimension N = 2. The real matrix A can

be decomposed on the basis of Pauli matrices (o9 = 1, oy, 0y, 0;) with four real coefficients (go, gx, &y, ;) as follows,

° . go+8 & +8 2 . go+8 & —8&
A= g01 + g0y + g)’(lay) + 8.0, = ( : ) y)’ AT = gOI + g0y — gy(my) + g.0;, = < ) ! y>-
8x—8 80— &z & +8 80o—§&

(D63)
The coefficient g, is fixed by the antisymmetry of Eq. (D57),

o o ) 0 2g
A— A7 = 2¢,(io) = (_Zg Oy>. (D64)
,

The three other coefficients (go, g, g;) that parametrize the symmetric part (10\ + ;\T) should be chosen to satisfy Eq. (D59). In
the Pauli basis, the identification of the product ATA,

ATA = (go +8 & — gy> (go +8& &+ gy>
&xt8 8 —8/\8—8& 80— &
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(g0 + &)+ (g — &)’ 2(g08x + 8:8y)
2(808x + 8:8) (g0 — 8" + (g +8)°
= [0 + & + & + &)1 + 2(208x + 8:8y)0x + 2(808: — 8x8y)0 (D65)
with the given symmetric matrix
W= Wi Wi = wol + w0, + w,o (D66)
- le W22 = Wo xOx Y2
which involves the coefficients
Wi + W, Wi — W
wo = u, wy =W, w,= AL (D67)
2 2
leads to the following three quadratic equations for the three variables (go, gx, &;):
Wy w
HF&+E+E =wo, Q& +gs =7, —&&+88 =7 (D68)
The last two equations can be used to write g, and g, in terms of gy,
oWy — &yW; 8oW; + gyWy
&= "5 o &= 5o (D69)
2(g6 + 83) 2(s6 + )
One can then plug the corresponding value for
2 2 2 2
— + + 8 wy +w
@t g = B el +gow b gyl : (D70)
4(gh + ) 4(85+87)
into the first Eq. (D68) to obtain the following closed equation for the remaining coefficient g,
w? + w?
0= (g +8)+—5— — wy. (D71)
Vg +e)
After multiplication by (g3 + g%) one obtains the following second-order equation for (g3 + gf,):
2 2
2 wy + w
0=(g5+&) —wo(g+g) +——5— (D72)
Using Eq. (D67), the discriminant is found to coincide with the determinant of the matrix W,
Wit 4+ Wa)? — (Wi — Wa)?
wi — (w? + w?) = (War + Wan) Z Wi =Wl o iy — W2 = det(W), (D73)
while wy = W“;”W” represents half the trace of the matrix W so that the two solutions of Eq. (D72) for gj read
5 wo £/ WitWao =W 0+ /det(W) =00 £ /det(W)
g+ gi = = = . (D74)
2 2 2
The absolute value of the determinant of A is fixed by the condition Eq. (D59) that gives
det(W) = det(AT) det(A) = (det(A))?, (D75)
but it is useful to compute the sign corresponding to the two solutions of Eq. (D74),
. wp £ /det(W) w2 — det(W) wo £ 4/det(W)  wy F /det(W)
det(A) = (g + &) — (&2 + &) = — - = — - —
) 2 2(wp £ +/det(W)) 2 2
= +./det(W). (D76)

The two eigenvalues X for the matrix A can be computed from their product and sum given by the trace and the determinant of
A, respectively,

Akl =det(A) = £/det(W), i+ i_ =tr(A) = 2g. (D77)
As explained around Eq. (D62), we wish to choose the matrix A whose two eigenvalues X+ have strictly positive real parts,

Re(iy) > 0. (D78)
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So we choose the + solution for g% in Eq. (D74) corresponding to the positive determinant det(zc\) = +./det(W) in Eq. (D76),
and then we choose the positive square-root for gg corresponding to the positive trace tr(A) = 2g0 > 0,

(W)
20— \/tTJm/det(W) e

> . (D79)

The two eigenvalues of 10\,

he = go /g — /det(W), (D80)

are in agreement with wy found in Eq. (D32) via the Lagrangian perspective. Then one can compute the corresponding real
values of (g, g;) given by Eq. (D69),

Wi W Wi W
goWip — gy =152 o572+ Wi

&= wwy © 8T Tww :
W+ /det(W) TV + /det(W)

APPENDIX E: ORNSTEIN-UHLENBECK PROCESSES: DIAGONALIZATION OF
THE HAMILTONIAN # IN THE IRREVERSIBLE GAUGE

(D81)

In this Appendix, the quantum Hamiltonian # in the irreversible gauge for Ornstein-Uhlenbeck processes discussed in
Sec. IV F 2 of the main text is diagonalized in terms of canonical creation and annihilation operators.

1. Rewriting the quantum Hamiltonian % in terms of canonical operators ¢, and ¢/,

The commutation relations of Eq. (219) yields that it is useful to introduce the spectral decomposition of the real symmetric
matrix ® involving its N real eigenvalues ¢, and the corresponding orthonormal eigenvectors |¢y ),

N
® =" pulgn)(gal- (ED)

a=1

The new annihilation and creation operators defined by the following linear combinations,

| X
Go = M;<¢a|n>Q,1, qy = (nlga), (E2)
inherit from Eq. (72) the vanishing commutators between two annihilation or two creation operators,
[9a- a5 = 0 = [q}. g}]. (E3)
The commutators of Eq. (219) using Eq. (E1),
N
(0. O] = P = D @ (1l ) (Pur ). (E4)

a'=1

yield that the commutators between one new annihilation operator g, and one new creation operator q:g,

. | N N
[9e> )] = W; @aln) n; mlpg)[Qn, O]

N N
1
¢a|n n|(pot ( <‘pa’|m><m|‘pﬂ>) = (2% aa"sa B = 80( B> (E5)
LSt ) (3 )

112

PuPp
are canonical.
Inverting the change of operators of Eq. (E2),

N

N
On =Y (nl0a)/Padar O =D _(Puln)/Pudl- (E6)
a=1

a=1

one obtains that the reversible Hamiltonian of Eq. (218) reads

N N
=%ZQ;Q,1— ZMQZF%<Z goa|n><n|gaﬂ> quaquﬂsaﬁ—angqa, (E7)
n=1

n=1 B=1

014101-47



ALAIN MAZZOLO AND CECILE MONTHUS PHYSICAL REVIEW E 107, 014101 (2023)

while the irreversible Hamiltonian of Eq. (217) becomes

N N
Hiee = ZZQWQ Om = pr—a aquﬁ <ZZ (o |1) i (1 0 ) =3 a4h(VPu(9alR00p) BB (ES)

m a=1 =1
Using Eq. (207) and the inverse of Eq. (E1),

N

1
=D -l (pal. (E9)

a=1 "¢

the total Hamiltonian reads in terms of the new canonical operators

N N
H = Hrew + Hia =Z ( Pa m( 1+9)|¢,s ) =YY 4L (/Palal (TR V)0p) /Pp)as
a=1 B=I a=1 =1
N N 1
= do \ V/@a | Tlpp) qp- (E10)
22 ( ' M) '

2. Diagonalization of the quantum Hamiltonian . to construct its full spectrum

Plugging the spectral decomposition of I" of Eq. (C1) into Eq. (E10),

:X::X:: ( VPl (Zyalya % |>|‘Pﬂ>\/%>%3

'=1

N N N N
> (Zq;mwawﬁ)) Z(y;wm\/%_ﬁqﬁ =X vl E11)

p=1

¥

suggests to introduce the following creation operators r, involving the right eigenvectors |y%) of T,

N
= Z (pa ¢a|ya’ ) (E12)

and the following annihilation operators /.- involving the left eigenvectors (y%| of T,

N

1
lo =) (vilos)——ap- (E13)
2 bl 7
Equation (E3) leads to the vanishing commutators between two annihilation or two creation operators,
o, lg] =0 =1[r}, rj], (E14)
while the canonical commutators of Eq. (E5) lead to the commutators
N N | X
o 731 =D (vh|os)— Z VOl al Vs 4l =D (vh|os)—= D VPalta|vi)Sas
B=1 a=1 f=1 AL Rt
N
Z Voo | a)lavp) = (va| Vi) = Supr- (E15)

As a consequence, the number operators

iy =rlly, (E16)
which appear in the Hamiltonian of Eq. (E11), commute
(. 5] = 0 (E17)
and satisfy
[fig, r:;] = r;lar; — r;r;la = r;(Swg. (E18)
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As discussed around Eq. (80), the right ground state 7y(X) = (X|7o) of Eq. (78) of the Hamiltonian A for the energy E = 01is
annihilated by all the annihilation operators Q,, [Eq. (79)], so it is also annihilated by all the annihilation operators g,, of Eq. (E2)

and by all the annihilation operators [, of Eq. (E13),

ly|7o) = 0. (E19)

The diagonalization of Eq. (E11) involving the commuting number operators 7,

N N
?:Z = Z Var;la = Z yaﬁou (Ezo)
a=1 a=1

allows us to construct the full spectrum via the application of creation operators on the ground state: the unnormalized state

parametrized by the N integers ny, =0, 1, ...fora =1, .., N,

N
Ptaroeremt) = [ [ 510, (E21)
a=1

is an eigenstate of the N commuting number operators 7, with eigenvalues n,,

.....

of energy

ﬁa|f‘[n1,..,nu ..... nN}> = na|?{nl,..,nm,...,nN})a (E22)
n#H,

nl,..,nn,...|r{n1,..,na ..... nN})v (E23)

N
Euonr =) Yalla- (E24)

So the energy spectrum is simply given by linear combination involving the integer numbers n, of the eigenvalues y, of the

matrix T.
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